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1. De bewijsvoering van Brooks en Wiley voor de verenigbaarheid 
van de tweede wet van de thermodynamica en de evolutie van 
biologische systemen is wel bewonderenswaardig, maar niet 
overtuigend. 
Brooks, D.R. and Wiley, E.O. 1986. Evolution as entropy. 
University of Chicago Press. 
2. De onderzoekmethoden van Braitenberg voor het bestuderen van 
kunstmatige intelligentie kunnen op verantwoorde wijze worden 
gebruikt voor de simulatie van het gedrag van nematoden in de 
bodem. 
Braitenberg, V. 1984. Vehicles: Experiments in synthetic 
psychology. MIT Press. 
3. De conclusie van Ohms en Heinicke dat de door hen gevonden 
eiwitvarianten specifiek zijn voor pathotypen is onjuist en is 
mede een gevolg van voorafgaande publikaties, die gekenmerkt 
worden door een onzorgvuldige interpretatie van het patho-
typenschema. 
Ohms, J.P. and Heinicke, D.H.K. 1985. Zeitschrift fiir 
Pflanzenkrankheit und Pflanzenschutz 92:225-232. 
Greet, D.N. and Firth, J. 1977. Nematologica 23:411-415. 
Fox, P.C. and Atkinson, H.J. 1984. Parasitology 88:131-139. 
4. 'Transformation series analysis' biedt unieke mogelijkheden 
voor het construeren van cladogrammen op basis van 'multi-
state' kenmerken, maar is, in tegenstelling tot hetgeen 
Mickevich suggereert, in de huidige vorm slechts in een 
beperkt aantal situaties toepasbaar. 
Mickevich, M.F. 1982. Systematic Zoology 31 (4):461-478. 
5. Bij de bestudering van interacties tussen planten en para-
sieten wordt te weinig onderkend dat fotodynamische reacties 
van zowel type I als type II vele biologische processen kunnen 
beinvloeden. 
6. De vraag van Gabriel en Ellingboe naar aanleiding van eiwit-
variatie gemeten met elektroforese: "Is it possible that an 
obligate parasite such as E. graminis is so precisely adapted 
to its host that almost any variation is lethal?", getuigt van 
onvoldoende inzicht in de moleculaire aspecten van de evo-
lutietheorie. 
Gabriel, D.W. and Ellingboe, A.H. 1982. Phytopathology 
72:1496-1499. 
7. Peterfy et al. gebruiken bij het voorspellen van de gevoelig-
heid van een ELISA een foutieve methode voor het bepalen van 
de affiniteitskonstante van een antilichaam. 
Peterfy, F., Kuusela, P. and Makela, 0. 1983. Journal of 
Immunology 130 (4):1809 -1813. 
8. 'Protein engineering' op grond van een gedetailleerde analyse 
van eiwitten uit aardappelcysteaaltjes zal onmisbaar zijn voor 
de produktie van transgene aardappelplanten met geschikte 
resistentie tegen aardappelmoeheid. 
9. De melkklieren van transgene zoogdieren zijn ideale produktie-
systemen voor het vervaardigen van humane eiwitten met 
therapeutische eigenschappen. 
Simons, J.P., McClenaghan, M. and Clark, A.J. 1987. Nature 
328:530-532. 
10. De term 'personal' computer is vooral van toepassing op de 
incompatibiliteit van de verschillende systemen. 
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CHAPTER I 
INTRODUCTION 
P h y t o n e m a t o l o g i s t s a r e c o n f r o n t e d w i t h a g r o u p o f o r g a n i s m s w h o s e 
n o m e n c l a t u r e and t axonomic g roups unde rgo c o n t i n u o u s change . The s m a l l 
s i z e , u n i f o r m i t y of morphology and r e l a t i v e l y s i m p l e b a s i c s t r u c t u r e 
of n e m a t o d e s c r e a t e s e r i o u s d i f f i c u l t i e s i n t r a c i n g d i s c r i m i n a t i n g 
c h a r a c t e r s . The l i m i t e d number of c o n s p i c u o u s m o r p h o l o g i c a l f e a t u r e s 
h a s o f f e r e d ample o p p o r t u n i t y f o r p e r s o n a l judgement i n d e l i n e a t i n g 
s p e c i e s and g e n e r a . Wel l known examples a r e t h e c y s t nematodes (45) . 
Va r ious s p e c i e s of c y s t nematodes were f i r s t c o n s i d e r e d t o be r a c e s of 
H e t e r o d e r a s c h a c h t i i ( 9 ) . E v e n t u a l l y t h e s e r a c e s w e r e d e s c r i b e d a s 
s e p a r a t e s p e c i e s , e . g . H. s c h a c h t i i , H. a v e n a e , H. g o e t t i n g i a n a a n d H. 
r o s t o c h i e n s i s . The f i r s t s i g n t h a t t h e p o t a t o c y s t n e m a t o d e , H. 
r o s t o c h i e n s i s , m i g h t n o t b e a s i n g l e s p e c i e s was t h e d i s c o v e r y of 
p o p u l a t i o n s a b l e t o overcome c e r t a i n genes f o r r e s i s t a n c e (23) . In t h e 
e a r l y 1970s i t b e c a m e a p p a r e n t t h a t n o t a l l p a t h o t y p e s of t h e p o t a t o 
c y s t nematode H. r o s t o c h i e n s i s i n t e r b r e e d f r e e l y and t h a t t w o s i b l i n g 
s p e c i e s a r e p r e s e n t : G. r o s t o c h i e n s i s a n d G. p a l l i d a ( 2 3 ) . The l a t e 
d i s c o v e r y o f t h e s e s p e c i e s r e s u l t e d f r o m t h e i r m o r p h o l o g i c a l 
s i m i l a r i t y . Mos t m o r p h o l o g i c a l c h a r a c t e r s a r e v a r i a b l e a n d o v e r l a p 
be tween t h e two s p e c i e s (43 ,44) . 
P a r a l l e l t o changes i n n o m e n c l a t u r e of p o t a t o c y s t nematode s p e c i e s , 
c l a s s i f i c a t i o n of t h e i r p a t h o t y p e s h a s a l s o been domina t ed by a s t a t e 
of i n s t a b i l i t y . As w i t h many o b l i g a t e p l a n t p a r a s i t e s , t h e number of 
p a t h o t y p e s i n c r e a s e d w i t h t h e d i s c o v e r y of more s o u r c e s of r e s i s t a n c e . 
An a d d i t i o n a l c o m p l i c a t i o n w a s t h a t i n s e v e r a l E u r o p e a n c o u n t r i e s 
d i f f e r e n t s y s t e m s were employed t o d i s t i n g u i s h f i e l d p o p u l a t i o n s . In 
1978 a number of European c o u n t r i e s r e a c h e d a c o n s e n s u s and p r o p o s e d 
an i n t e r n a t i o n a l p a t h o t y p e scheme (28) . C u r r e n t l y e i g h t p a t h o t y p e s a r e 
r e c o g n i z e d i n Europe, f i v e w i t h i n G^ r o s t o c h i e n s i s and t h r e e w i t h i n G. 
p a l l i d a ( 2 8 ) . R e s i s t a n c e and v i r u l e n c e a r e t h o u g h t t o b e m e d i a t e d b y 
genes o p e r a t i n g o n t h e b a s i s o f a g e n e f o r g e n e r e l a t i o n s h i p 
( 2 2 , 2 4 , 4 8 ) . U n l i k e r e s i s t a n c e a g a i n s t v a r i o u s s p e c i e s of f u n g i . 
breeding programs based on major genes can be p r o f i t a b l e , because 
s e l ec t i on towards a l l e l e s for v i ru lence i s r a t h e r slow (24,25,26,48). 
In t h e N e t h e r l a n d s , t h e i n t e r n a t i o n a l p a t h o t y p e scheme (28) forms 
the co re on which d e c i s i o n s a r e made i n c o n t r o l l i n g p o t a t o c y s t 
nematode p o p u l a t i o n s by means of r e s i s t a n c e . However , c u r r e n t 
pathotype c l a s s i f i c a t i o n has severa l drawbacks in cha rac te r i z ing the 
i n t r a s p e c i f i c d i v e r s i t y of po ta to cys t nematodes. F i r s t , measuring the 
v i ru lence c h a r a c t e r i s t i c s of p o t a t o c y s t nematode p o p u l a t i o n s i s 
labor ious . Because no r a p i d a s s a y s a r e a v a i l a b l e , t h e m u l t i p l i c a t i o n 
fac to rs of the populat ions on the d i f f e r e n t i a l s have to be es t imated 
in a t r a d i t i o n a l way by inocu la t ing po ta to p l a n t s with c y s t s . Second, 
pathotypes a r e d e l i n e a t e d in an a r b i t r a r y way. P o p u l a t i o n s a r e 
c l a s s i f i e d as v i r u l e n t and a v i r u l e n t fo r a c e r t a i n d i f f e r e n t i a l , i f 
the m u l t i p l i c a t i o n f a c t o r i s > 1 and < 1, r e s p e c t i v e l y . Obvious ly , 
t h i s way of c l a s s i f y i n g g i v e s l i t t l e i n f o r m a t i o n , b e c a u s e 
m u l t i p l i c a t i o n f a c t o r s on t h e d i f f e r e n t i a l s may vary from 0 t o 70. 
Third, t h e number of d i f f e r e n t i a l s i s t o o l i m i t e d fo r a p rope r 
cha rac t e r i za t i on of g e n e t i c d i v e r s i t y of p o t a t o c y s t n e m a t o d e 
populat ions i n Europe. Supplementary d i f f e r e n t i a l s have a l r e a d y 
discr iminated p o p u l a t i o n s c l a s s i f i e d as i d e n t i c a l a c c o r d i n g t o t h e 
cur ren t i n t e r n a t i o n a l pathotype scheme. Fourth, the expression of the 
nematode and h o s t genotypes i s r a t h e r v a r i a b l e which o f t e n makes i t 
d i f f i c u l t t o d e c i d e whe the r a p o p u l a t i o n shou ld be c l a s s i f i e d as 
v i r u l e n t or av i ru l en t for a given d i f f e r e n t i a l . 
Evidently an a c c u r a t e i d e n t i f i c a t i o n of p o t a t o c y s t nematode 
populat ions i s a n e c e s s i t y f o r an o p t i m a l c o n t r o l by means of 
r e s i s t a n c e . Cyst nematodes are major p e s t s of po ta to in Europe and an 
improper i d e n t i f i c a t i o n or t h e i n a b i l i t y t o r e c o g n i z e d i s t i n c t 
populat ions can h a v e d r a s t i c and c o s t l y consequences . Although 
t r a d i t i o n a l ways of pathotyping and species i d e n t i f i c a t i o n w i l l always 
maintain t h e i r v a l u e , t h e r e i s an i n c r e a s i n g need fo r more e f f i c i e n t 
and accura te methods. 
Diagnosis and sys temat ics are e n t i r e l y dependent on d i f ferences in 
cha rac te r s caused by e v o l u t i o n a r y f o r c e s . The i d e a l c h a r a c t e r s t a t e 
for de l inea t ing groups of conspecif ic popula t ions , species or genera 
has evolved on ly once and h a s been r e t a i n e d by a l l d e s c e n d a n t s . A 
10 
powerful method to trace informative characters is the analysis of 
biological macromolecules. Various techniques ranging from protein 
electrophoresis, macromolecular sequencing and immunological assays 
have provided valuable information about evolutionary relationships 
between extant species of a variety of organisms (1,2,6,19,31,32,37) 
and in general there is a reasonable agreement between molecular data 
and classic taxonomic criteria. In the past decades it has clearly 
been established that proteins diverge at an approximately constant 
rate. The finding that a given protein accumulates amino acid 
substitutions at a nearly constant rate in all species forms the 
basis of the neutral theory of molecular evolution (27). This theory 
asserts that evolutionary change at the molecular level is caused 
mainly by random genetic drift of selectively neutral mutants rather 
than by positive Darwinian selection. Because mutation and random 
genetic drift are stochastic processes, the actual number of 
parallelisms and convergences are small, which makes molecular data 
extremely useful for inferring evolutionary relationships. Another 
desirable feature of molecular data is that the evolutionary rates of 
proteins are extremely diverse and may vary more than 100 fold, which 
implies that there are in theory nearly always proteins of which the 
evolutionary rates are adjusted to the group of populations studied. 
Fast evolving proteins can be explored to study conspecific 
populations whereas more conservative proteins are useful for studying 
genealogical relationships between different species , genera and 
families. 
Compared to various other organisms, the molecular taxonomy of plant 
parasitic nematodes is poorly developed (16,38). Obligate plant 
parasites are generally of microscopic size and difficult to rear in 
large quantities; consequently it is difficult to use many standard 
biochemical techniques. For example, starch gel electrophoresis 
followed by specific enzyme stains, a routine technique for many 
organisms, has hardly (21) been applied to plant parasitic nematodes 
because of the relatively large amounts of protein required. French 
(4,5) and German investigators (36,39,40) tackled this problem by 
using micromethods for homogenizing and electrophoresing single 
specimens. Besides microelectrophoresis, nematologists have employed 
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various o t h e r e l e c t r o p h o r e t i c t e c h n i q u e s t o study nematode p r o t e i n s . 
For i n s t a n c e , t h e g e n e t i c v a r i a b i l i t y of n e m a t o d e s h a s been 
i nves t i ga t ed wi th polyacrylamide gel e l ec t rophores i s a t an a l k a l i n e pH 
(20,42,46,47) , i s o e l e c t r i c f o c u s i n g ( 1 0 , 1 1 , 1 2 , 1 3 , 1 4 , 1 7 , 3 5 ) , 
Immunoelectrophoresis (15,49), sodium dodecyl s u l f a t e e l ec t rophores i s 
(41) and two dimensional gel e l ec t rophores i s (2-DGE)(3,7,8) according 
t o O ' F a r r e l l (34). 2-DGE combined w i t h a s e n s i t i v e s i l v e r s t a i n 
(29,30,33) seems in t h e o r y t h e most p r o m i s i n g approach . A major 
advantage of 2-DGE over o t h e r t e c h n i q u e s i s t h a t i t i s c apab le t o 
reso lve severa l hundreds of gene products on a s i ng l e p a t t e r n . In the 
f i r s t dimension the p ro t e in s a re separated according t h e i r i s o e l e c t r i c 
po in t s and in the second dimension according t h e i r molecular weights 
r e s u l t i n g i n an a l m o s t un ique p o s i t i o n of each p r o t e i n . In t h i s 
t h e s i s we evaluated the mer i t s of e l ec t ropho re s i s , e spec i a l l y 2-DGE, 
in e x p l o r i n g p r o t e i n s fo r t h e s y s t e m a t i c s and d i a g n o s i s of c y s t 
nematode p o p u l a t i o n s . 
Genetic d i s t ances based on q u a l i t a t i v e data or a l l e l e frequency data 
from severa l t e n t h s of l o c i a re valuable measures t o study divergence 
times of e x t a n t s p e c i e s . U n f o r t u n a t e l y , cur ren t e l e c t r o p h o r e t i c data 
on t h e g e n e t i c d i f f e r e n t i a t i o n of G^ r o s t o c h i e n s i s and G^ p a l l i d a 
al low no p r o p e r e s t i m a t e of a g e n e t i c d i s t a n c e ( 3 , 1 1 , 1 2 , 2 0 , 
35 ,36,38,42,46,47,49) . S imi la r drawbacks a re assoc ia ted with published 
data on the genet ic d i f f e r e n t i a t i o n of pathotypes . Only a smal l number 
of v a r i a n t s a re presented in those r epor t s and no a l l e l e frequencies 
are given for these va r i an t s (3,11,12,13,14,17,36,42), which hampers a 
ref ined a s s e s s m e n t of t h e g e n e t i c r e l a t i o n s h i p s . S i n c e many 
populat ions a r e n o t f i x e d f o r t h e i r a l l e l e s f o r v i r u l e n c e o r 
av i ru lence , i t i s r a t h e r p e c u l i a r t o conclude t h a t such an incomplete 
s e t of d a t a can be u s e d t o p a t h o t y p e f i e l d p o p u l a t i o n s (36 ) . 
Pathotyping f i e l d populat ions with biochemical techniques i s obviously 
far more c o m p l i c a t e d ( c h a p t e r I I I ) . In t h i s t h e s i s we advance a more 
r e a l i s t i c approach fo r c h a r a c t e r i z i n g European p o t a t o c y s t nematode 
popula t ions . In c h a p t e r V we p r e s e n t a new concep t based on t h e 
neu t r a l t h e o r y of m o l e c u l a r e v o l u t i o n (27) t o e x p l a i n t h e r e l a t i o n 
between v a r i a t i o n s i n v i r u l e n c e and v a r i a t i o n s r e v e a l e d by 
e l e c t r o p h o r e t i c t echn iques . 
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An a c c u r a t e way t o examine w i t h 2-DGE g e n e t i c r e l a t i o n s h i p s b e t w e e n 
c o n s p e c i f i c p o p u l a t i o n s ( c h a p t e r V a n d VI) o r s p e c i e s ( V I I ) i s t h e 
compar i son o f h o m o l o g o u s p r o t e i n s . A l t h o u g h 2-DGE i s a common 
t e c h n i q u e i n v a r i o u s s c i e n t i f i c d i s c i p l i n e s , i t s v a l u e f o r s y s t e m a t i c 
s t u d i e s h a s h a r d l y been e x p l o r e d . A l l e l e f r e q u e n c i e s o b t a i n e d by 2-DGE 
have n e v e r b e e n u s e d t o c o n s t r u c t s i m i l a r i t y d e n d r o g r a m s o r 
p h y l o g e n i e s a n d o n l y r e c e n t l y q u a l i t a t i v e v a r i a t i o n s b e t w e e n 
homologous p r o t e i n s h a v e been u t i l i z e d t o e s t i m a t e t h e phy logeny of 
hominoid p r i m a t e s (18). T r a c i n g homologues among t h e s e v e r a l h u n d r e d s 
of p r o t e i n s r e s o l v e d w i t h 2-DGE i s e v i d e n t l y more t e d i o u s t h a n 
e v a l u a t i n g i s o z y m e p a t t e r n s . An a d d i t i o n a l p r o b l e m w i t h p l a n t 
p a r a s i t i c nematodes i s t h a t 2-DGE i s n o t s e n s i t i v e enough t o d e t e c t a 
s u f f i c i e n t n u m b e r o f p r o t e i n s f r o m s i n g l e n e m a t o d e s . I n t h e 
i n v e s t i g a t i o n s d e s c r i b e d i n t h i s t h e s i s 2-DGE p a t t e r n s a r e made b y 
e l e c t r o p h o r e s i n g a m i x t u r e of 100 o r more i n d i v i d u a l s , which makes t h e 
g e n e t i c i n t e r p r e t a t i o n m o r e c o m p l i c a t e d . H o w e v e r , a s shown t h e s e 
d i f f i c u l t i e s c a n b e m i n i m i z e d by o p t i m a l i z i n g t h e e x p e r i m e n t a l 
p r o c e d u r e , which i s d e s c r i b e d i n d e t a i l i n C h a p t e r IV. 
The o b j e c t i v e s o f t h i s s t u d y a r e : i ) t o e s t i m a t e t h e g e n e t i c 
d i s t a n c e b e t w e e n G. r o s t o c h i e n s i s a n d G. p a l l i d a ( c h a p t e r I I ) , i i ) t o 
i s o l a t e s p e c i e s s p e c i f i c p r o t e i n s f r o m s e c o n d s t a g e l a r v a e of G. 
r o s t o c h i e n s i s and Gj_ p a l l i d a f o r d e v e l o p i n g a d i a g n o s t i c t e s t ( c h a p t e r 
I I I ) , i i i ) t o a s s e s s t h e g e n e t i c r e l a t i o n s h i p s b e t w e e n European p o t a t o 
c y s t n e m a t o d e p o p u l a t i o n s ( c h a p t e r V a n d VI) a n d i v ) t o d e v e l o p a n 
e f f e c t i v e method t o s t u d y a n c i e n t g e n e a l o g i c a l r e l a t i o n s h i p s w i t h 
2-DGE ( c h a p t e r V I I ) . 
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CHAPTER II 
Contrasting Rates of Protein and Morphological 
Evolution in Cyst Nematode Species 
ABSTRACT 
Bakker, J . , and Bouwman-Smits, L. 1986. C o n t r a s t i n g r a t e s of p r o t e i n 
and morphological evolut ion in cys t nematode spec ies . Phytopathology 
The g e n e t i c d i f f e r e n t i a t i o n of m o r p h o l o g i c a l l y n e a r l y 
i nd i s t i ngu i shab le cys t nematode species was inves t iga ted by means of 
two-dimensional g e l e l e c t r o p h o r e s i s (2-DGE) fo l lowed by a s e n s i t i v e 
s i l v e r s t a i n . 2-DGE of t o t a l p r o t e i n e x t r a c t s from young f e m a l e s 
revealed an a v e r a g e of 245 p o l y p e p t i d e s . The s i b l i n g s p e c i e s 
Globodera r o s t o c h i e n s i s and G. p a l l i d a were d i f f e r e n t i a t e d by 70% of 
t h e i r p o l y p e p t i d e s . The c l o s e l y r e l a t e d species Heterodera g lyc ines 
and H. s c h a c h t i i were d i s c r i m i n a t e d by 59% of t h e i r p o l y p e p t i d e s . 
These l a r g e d i f f e r e n c e s s u g g e s t t h a t t h e s e nematode s p e c i e s have 
accumulated p r o t e i n d i f f e r e n c e s d u r i n g a t i m e p e r i o d of m i l l i o n s of 
years w i t h o u t d i s t i n c t changes in morphology. These o b s e r v a t i o n s 
emphasize the importance of biochemical techniques i n p l a n t nematology 
for species i d e n t i f i c a t i o n and nematode sys t emat i c s . 
Addit ional keywords : p o t a t o c y s t nematodes , b e e t c y s t nematode and 
soybean cys t nematode 
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INTRODUCTION 
A v a r i e t y of e l e c t r o p h o r e t i c techniques have been employed to study 
Heterodera and Globodera spp. (3,4,10,11,12,13,25,29,30,35) . Espec ia l -
ly , the s i b l i n g species Globodera r o s t o c h i e n s i s (Woll.) S k a r b i l o v i c h 
and G^ p a l l i d a Stone have been s t u d i e d e x t e n s i v e l y . Most r e p o r t s on 
these morphologically near ly i nd i s t i ngu i shab le cys t nematodes, which 
were u n t i l 1973 regarded as pathotypes of a s ing le species (36), deal 
with a s p e c i f i c p r o t e i n s t a i n s (3 ,11 ,12 ,13 ,25 ,29 ,35 ) . Po lyac ry l amide 
d i sc e l e c t r o p h o r e s i s of f ema les r e v e a l i n g 14-18 major p ro te in bands 
showed marked d i f f e r e n c e s be tween t h e two s p e c i e s (13,29) . However, 
conclusive i n t e r p r e t a t i o n s were complicated by v a r i a t i o n s in age and 
condi t ions of t h e f ema les (13). More r e p r o d u c i b l e r e s u l t s were 
obtained by e l e c t r o p h o r e s i s of e g g s and s e c o n d s t a g e l a r v a e . 
Polyacrylamide d i s c e l e c t r o p h o r e s i s ( 1 3 ) , i s o e l e c t r i c f o c u s i n g 
(11,12,25) a s w e l l a s t w o - d i m e n s i o n a l e l e c t r o p h o r e s i s fo l lowed by a 
Coomassie B r i l l i a n t Blue s t a i n (35) c l e a r l y d i s t i n g u i s h e d t h e two 
spec ie s . 
Although p ro te in e l ec t rophores i s has f u l f i l l e d the expecta t ions with 
regard t o s p e c i e s i d e n t i f i c a t i o n , l i t t l e a t t e n t i o n h a s been p a i d t o 
the es t imat ion of overa l l gene t ic d i s tances between G. ro s toch iens i s 
and G^  p a l l i d a . So far the most extensive study d e a l t with i s o e l e c t r i c 
focusing of eggs r e v e a l i n g 40 p r o t e i n bands and 23 enzymes (12). Only 
one p r o t e i n band and 2 enzymes e x h i b i t e d i n t e r s p e c i f i c v a r i a t i o n . 
These data probably do not represen t the extent of gene t ic divergence 
of G^ r o s t o c h i e n s i s and Gj_ p a l l i d a , because on ly major d i f f e r e n c e s 
could be discerned, owing t o the methods used. 
High r e s o l u t i o n t w o - d i m e n s i o n a l ge l e l e c t r o p h o r e s i s (2-DGE), as 
o r i g i n a l l y described by O'Farrel l (24), i s a more ref ined approach for 
studying the genet ic d i f f e r e n t i a t i o n between nematode spec ies . 2-DGE 
combined w i t h a s e n s i t i v e s i l v e r s t a i n (8,23) i s a b l e t o d e t e c t 
severa l hundred p o l y p e p t i d e s from crude nematode homogenates (2 ,3 ) . 
In t h i s s tudy we e s t i m a t e d t h e o v e r a l l g e n e t i c d i s t a n c e be tween t h e 
po ta to c y s t nematodes G^ r o s t o c h i e n s i s and Gj_ p a l l i d a by means of 2-
DGE of p r o t e i n e x t r a c t s from young f e m a l e s . For compar i son , we a l s o 
s tudied the sugar beet cys t nematode Heterodera s chach t i i Schmidt and 
t h e soybean c y s t nematode H. g l y c i n e s I c h i n o h e . These s p e c i e s a r e a l s o 
m o r p h o l o g i c a l l y n e a r l y i d e n t i c a l and shou ld , a c c o r d i n g t o M i l l e r (20) , 
be c o n s i d e r e d a s s u b s p e c i e s of t h e n o m i n a t e H^ s c h a c h t i i . 
MATERIALS AND METHODS 
The G. r o s t o c h i e n s i s , G. p a l l i d a , H^ s c h a c h t i i a n d H^ g l y c i n e s 
p o p u l a t i o n s l i s t e d i n T a b l e 1 w e r e s u p p l i e d b y t h e P l a n t P r o t e c t i o n 
S e r v i c e , W a g e n i n g e n , t h e N e t h e r l a n d s ( p o p u l a t i o n n o . 1 , 2 , 3 , 5 , 9 ) , 
H i l b r a n d s l a b o r a t o r i u m , Assen, t h e N e t h e r l a n d s ( p o p u l a t i o n no. 4 ) , t h e 
Founda t ion f o r A g r i c u l t u r a l P l a n t B r e e d i n g (SVP), W a g e n i n g e n , t h e 
N e t h e r l a n d s ( p o p u l a t i o n no. 6) and t h e Depar tment of P l a n t Pa tho logy , 
U n i v e r s i t y of M i s s o u r i , C o l u m b i a , U.S.A. ( p o p u l a t i o n n o . 7 a n d 8 ) . 
P o t a t o c y s t nematodes and b e e t c y s t nematodes were r e a r e d a t 18 C w i t h 
16 h r d a y l e n g t h on S o l a n u m t u b e r o s u m s p p . t u b e r o s u m L. ' E i g e n h e i m e r ' 
and B e t a v u l g a r i s L. ' M o n o h i l ' , r e s p e c t i v e l y . S o y b e a n c y s t n e m a t o d e s 
were grown on G lyc ine max L. ' W i l l i a m s ' a t 25 C and 16 h r d a y l e n g t h . 
T o t a l p r o t e i n s a m p l e s of m a t u r e f e m a l e s w e r e made a s d e s c r i b e d 
p r e v i o u s l y ( 2 ) . T o t a l p r o t e i n s a m p l e s of f o u r t h s t a g e f e m a l e s w e r e 
p r e p a r e d a s f o l l o w s . R o o t s w e r e c u t i n p i e c e s of a p p r o x i m a t e l y 1 cm 
and p r o c e s s e d fo r 15 s e c i n a b l e n d e r . The r o o t d e b r i s was removed by 
c e n t r i f u g a t i o n i n 36% (w/v ) s u c r o s e . A p p r o x i m a t e l y 250 f o u r t h s t a g e 
females were h a n d p i c k e d from t h e s u p e r n a t a n t and homogenized i n 60 p i 
10 mM t r i s - H C l , pH 7.4, 5% (v/v) 2 - m e r c a p t o e t h a n o l , s a t u r a t e d w i t h 64 
mg u r e a a n d s t o r e d a t - 8 0 C u n t i l u s e . T o t a l p r o t e i n e x t r a c t s f rom 
f r e s h l y h a t c h e d second s t a g e l a r v a e were p r e p a r e d by d i s r u p t i n g t h e 
nematodes i n a g l a s s P o t t e r homogen ize r w i t h a t i g h t l y f i t t i n g Tef lon 
p e s t l e ( c l e a r a n c e c a . 25 pm). A p p r o x i m a t e l y 1 0 0 , 0 0 0 l a r v a e w e r e 
homogenized i n 2 0 0 p i 10 mM t r i s - H C l , pH 7 . 4 , 5% ( v / v ) 2 -
m e r c a p t o e t h a n o l and s a t u r a t e d w i t h 213 mg u r e a . 
As a s t a n d a r d , 25 pg of p r o t e i n was u s e d f o r 2-DGE. S a m p l e 
a p p l i c a t i o n , i s o e l e c t r i c f o c u s i n g w i t h i n t h e pH r a n g e 5 - 7 , s o d i u m 
dodecy l s u l f a t e e l e c t r o p h o r e s i s a n d s t a i n i n g w i t h s i l v e r w e r e a s 
d e s c r i b e d (2) w i t h t h e f o l l o w i n g e x c e p t i o n s . The p r o t e i n s w e r e 
s e p a r a t e d i n t h e s e c o n d d i m e n s i o n a t a c o n s t a n t c u r r e n t of 15 mA. 
Complexing p r o t e i n s w i t h s i l v e r was d o n e f o r 1 h r i n an a m m o n i a c a l 
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s i l v e r s o l u t i o n c o n t a i n i n g 0.075% NaOH, 1.5% (v/v) NH4OH and 0.32% 
AgNOo. These modif icat ions r e su l t ed in a reduct ion of the t o t a l number 
of spots resolved, but improved the r e p r o d u c i b i l i t y . Molecular weight 
and i s o e l e c t r i c po in t de terminat ions were as descr ibed (2). 
Prote in p r o f i l e s were e v a l u a t e d v i s u a l l y by supe r impos ing t h e 
o r i g i n a l g e l s on a bench v i e w e r . Only t h o s e p r o t e i n s were e v a l u a t e d 
which were c o n s i s t e n t l y p r e s e n t i n each r e p l i c a t e . At l e a s t t h r e e 
r e p l i c a t e s per populat ion were analyzed. 
The g e n e t i c s i m i l a r i t y was c a l c u l a t e d according Aquadro and Avise 
(1) from t h e e q u a t i o n ; F = 2 N v v / (Nv + N„) i n which N„ and N„ a r e 
Ay x y A y 
the total number of proteins spots scored for population x and y 
.respectively, and N x y the number of spots shared by x and y. The 
genetic distance (D) is 1 - F. 
RESULTS 
2-DGE p r o t e i n p a t t e r n s of young f e m a l e s of G. r o s t o c h i e n s i s , G. 
p a l l i d a , H. g l y c i n e s and FL_ s c h a c h t i i a r e shown i n F i g . 1 and 2. 
Overall g e n e t i c d i s t a n c e s were e s t i m a t e d by a n a l y z i n g an ave rage of 
245 p r o t e i n s p o t s pe r p o p u l a t i o n . To f a c i l i t a t e compar i son , equa l 
p r o t e i n q u a n t i t i e s of two spec ies were mixed and e lec t rophoresed (e.g. 
Fig. 1C). In t h i s way minute d i f f e r e n c e s i n i s o e l e c t r i c p o i n t and 
molecular we igh t can be d e t e c t e d . For example , t h e p r o t e i n s A-,, B, , 
and C-, in G. r o s t o c h i e n s i s d i f f e r on ly s l i g h t l y in e l e c t r o p h o r e t i c 
mobi l i ty from the corresponding p r o t e i n s Aj, Bj, and C, in G^ p a l l i d a 
(Fig. 1A, IB and 1C). No mixed p r o t e i n s a m p l e s were made of 
conspecif ic p o p u l a t i o n s , b e c a u s e o n l y a few s p o t s e x h i b i t e d 
i n t r a s p e c i f i c v a r i a t i o n (e .g . F i g . ID). 
The vas t major i ty of the p r o t e i n s could be scored unambiguously as 
shared o r d i s t i n c t . Approx imate ly 95% of t h e p r o t e i n s hav ing sha red 
e l e c t r o p h o r e t i c m o b i l i t i e s a l s o had s i m i l a r s p o t s i z e s , s t a i n i n g 
i n t e n s i t i e s and co lor , ranging from red (+5 %), reddish brown (+70 %), 
b lack i sh
 ;brown ( + 5%), b rowni sh grey ( + 5 %) t o grey (+ 15 %) (2) . The 
remaining 5% had t h e same c o l o r , b u t d i f f e r e d in spo t s i z e s a n d / o r 
s t a in ing i n t e n s i t i e s . In o r d e r t o avoid a r b i t r a r y d e c i s i o n s w i t h 
regard t o quan t i ty , these p ro t e in s were a l so r e g i s t e r e d as common. 
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The number of proteins shared and the genetic distances between the 
9 populations are listed in Table 1. The average genetic distance (D) 
between G. rostochiensis and G. pallida was 0.70. The intraspecific 
distances ranged from 0.01 to 0.04 in G^ rostochiensis and from 0.03 
to 0.06 in G. pallida. The large genetic distances between G. 
rostochiensis and G. pallida were not caused by a comparison of 
discordant physiological or developmental stages. A detailed study of 
G. rostochiensis population MIER and G. pallida population HPL-1 
showed that the qualitative differences between the various stages of 
a species were rather small. Approximately 95 % of the proteins in 
young white females (Fig. 1) were also observed in the older yellow 
females. Even fourth stage female larvae and mature females shared 
more than 80 % of their proteins. Furthermore, comparison of the 
protein composition of freshly hatched second stage larvae of G. 
rostochiensis population MIER and G^  pallida population HPL-1, 
revealed a similar result as with young white females i.e. a genetic 
distance of 0.65. 
Fig. 2 illustrates the protein differentiation between H^ schachtii 
and H. glycines. The genetic distance between H^_ glycines and 
H.schachtii was 0.59. 
The genetic distance between the genus Heterodera and the genus 
Globodera averaged 0.98. 
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Fig. 1 2-DGE pro te in p a t t e r n s (25 pg) of females of G. ro s toch i ens i s 
populat ion MIER (A) and G^  p a l l i d a p o p u l a t i o n HPL-1 -TB] i n which a 
number of major q u a l i t a t i v e d i f fe rences are marked with arrows. Common 







quant i ty of G. r o s t o c h i e n s i s MIER (12.5 pg) and G. p a l l i d a HPL-1 (12.5 
pg) . Major q u a l i t a t i v e d i f fe rences between G. p a l l i d a populat ion HPL-1 
(B) and G. p a l l i d a p o p u l a t i o n 1337 (D) a r e T n d i c a t e d in D. P r o t e i n s 
marked w i t h c a p i t a l s and a r a b i c numbers a r e r e f e r r e d t o i n t h e t e x t . 
Molecular masses are given in k i loda l tons 
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Fig. 2. 2-DGE protein patterns (25 pg) of females of H. glycines 
population R-l-92 (A) and H^ schachtii population TINTE (B)~in which a 
number of common proteins are marked with horizontal"arrows. Vertical 
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2-DGE and g e n e t i c d i s t a n c e s The p r o t e i n d i f f e r e n c e s b e t w e e n t h e c y s t 
nematode s p e c i e s a r e p r o b a b l y n o t c o n s i d e r a b l y i n f l u e n c e d by t h e 
compar i son o f d i s c o r d a n t p h y s i o l o g i c a l o r d e v e l o p m e n t a l s t a g e s . A 
d e t a i l e d s t u d y o f G. r o s t o c h i e n s i s a n d G^_ p a l l i d a ( s e e R e s u l t s ) 
i n d i c a t e d t h a t t h e q u a l i t a t i v e p r o t e i n c o m p o s i t i o n o f t h e v a r i o u s 
d e v e l o p m e n t a l s t a g e s o f c y s t n e m a t o d e s i s r a t h e r c o n s t a n t . 
F u r t h e r m o r e , t h e g e n e t i c d i s t a n c e s b e t w e e n H. g l y c i n e s , on s o y b e a n , 
and H^ s c h a c h t i i , on b e e t , and a l s o b e t w e e n t h e two H e t e r o d e r a and t h e 
two Globodera s p e c i e s a r e p r o b a b l y n o t s i g n i f i c a n t l y i n f l u e n c e d by t h e 
h o s t g e n o t y p e s . I n a p r e v i o u s r e p o r t (2) we n e v e r f o u n d a n e f f e c t of 
h o s t g e n o t y p e s . P o t a t o c y s t n e m a t o d e s r e a r e d on t o m a t o a n d p o t a t o 
r e v e a l e d i n d i s t i n g u i s h a b l e p r o t e i n p a t t e r n s , i n d i c a t i n g t h a t 
u n d i g e s t e d h o s t p r o t e i n s , t h a t may be p r e s e n t i n t h e a l i m e n t a r y t r a c k 
and g u t do n o t i n t e r f e r e . 
Protein and morphological e v o l u t i o n . The gene t ic d i s tances between G. 
ro s toch iens i s and G. p a l l i d a (D = 0.70), and be tween H^_ g l y c i n e s and 
H. s c h a c h t i i (D = 0.59) a r e r emarkab ly l a r g e and i n d i c a t e t h a t t h e s e 
species d i v e r g e d a long t i m e ago. For compar i son , 2-DGE s t u d i e s on 
the s i b l i ng species Drosophila melanogaster and D^ simulans revealed a 
genet ic d i s t ance (D) of 0.19 (27). Even two fami l i e s of rodents have a 
smaller g e n e t i c d i s t a n c e (D = 0.5) (1) t han t h e s e m o r p h o l o g i c a l l y 
c lose ly r e l a t e d c y s t nematode s p e c i e s . Our r e s u l t s conf i rm t h e 
tendency demonstrated by F e r r i s e t a l . using a comparable 2-DGE system 
(10). These i n v e s t i g a t o r s repor ted a genet ic d i s t ance of 0.26 between 
conspecif ic p o p u l a t i o n s of £L g l y c i n e s which e x h i b i t e d on ly minor 
d i f fe rences in morphology. 
At p r e s e n t i t i s not p o s s i b l e t o c a l c u l a t e t h e t i m e of d i v e r g e n c e 
unambiguously from 2-DGE data . The r a t e a t which p ro t e in s revealed by 
2-DGE accumula t e amino a c i d s u b s t i t u t i o n s i s unknown. Moreover, 
gene t ic d i s t ances based on 2-DGE data are probably t o some extent a l s o 
influenced by changes i n t h e r e g u l a t o r y sys t em, e.g. a l t e r a t i o n s in 
regu la tory s e q u e n c e s and s t r u c t u r a l g e n e s w h i c h i n f l u e n c e t h e 
syn thes i s , process ing and degradat ion of o ther p r o t e i n s . However, for 
a number of s p e c i e s b o t h 2-DGE d i s t a n c e d a t a and a r e a s o n a b l e 
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calculation of the divergence time have been published. For instance, 
Drosophila virilis and D. montana, which have a genetic distance (D) 
of 0.37 (27), have diverged approximately 4 million years ago (33). 
Although these values cannot directly be extrapolated to other 
organisms, it is evident that the closely related cyst nematode 
species diverged millions of years ago. Our data definitely exclude 
the possibility, that G. rostochiensis and G. pallida have speciated 
in South America as a result of independent potato cultivation by the 
Amyra and Quencha Indian tribes, as was suggested by Evans et al. (9). 
Contrasts between genetic and organismal similarities have been 
revealed in a wide variety of taxonomic groups ranging from bacteria, 
snails, fish, frogs, reptiles and birds (38). These findings support 
the hypothesis that organismal evolution and structural gene evolution 
measured by electrophoresis or other biochemical techniques go on at 
virtually independent rates (17,31,38,39). The evolution of proteins 
is thought to proceed at an approximately constant rate in all species 
(16), whereas the rate of organismal evolution is variable. Well 
studied examples of a rapid and slow organismal evolution are 
placental mammals and frogs, respectively (39). Our results 
demonstrate that the genetic divergence measured with 2-DGE is also 
not correlated with morphological evolution. Similar to frogs, the 
cyst nematodes have accumulated protein differences during millions 
of years without any significant morphological changes. Another 
feature shared with frogs, which discriminates them from organisms 
such as mammals, is the capability of cyst nematodes to produce viable 
interspecific hybrids in spite of the large genetic distances. H. 
schachtii and H^ glycines are able to produce fertile hybrids (20), 
and matings between G. rostochiensis and G. pallida result in viable 
second stage larvae (22). These considerations suggest that care 
should be taken with mating experiments as a way to delineate nematode 
species and to infer taxonomic relationships. 
Slow morphological divergence is probably not rare throughout the 
phylum Nematoda. The large genetic distances revealed here by 2-DGE 
are supported by the few studies in which starch gel electrophoresis 
has been applied to morphologically closely related nematode species 
(6,14,15). Starch gel electrophoresis followed by specific enzyme 
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s t a i n s i s , unl ike the various e l e c t r o p h o r e t i c techniques often appl ied 
in p l a n t nematology ( 1 1 , 1 2 , 1 3 , 2 5 , 2 9 , 3 0 , 3 5 ) , a s u i t a b l e t o o l t o 
es t imate d i v e r g e n c e t i m e s . For example , t h e m o r p h o l o g i c a l l y n e a r l y 
i nd i s t i ngu i shab le nematode s p e c i e s C a e n o r h a b d i t i s e l e g a n s and C. 
br iggsae sha red no a l l e l e s a t 22 of t h e 24 enzyme l o c i a s sayed (6) , 
i nd i ca t i ng t h a t these species have diverged more than 10 mi l l i ons of 
years ago. 
Systematics and diagnosis. At p resen t nematode sys temat ics i s s t i l l in 
a s t a t e of i n s t a b i l i t y and i s , according to Coomans, mainly based on 
au tho r i t a r i an i sm r a t h e r t h a n on s c i e n t i f i c p r i n c i p l e s (7) . S e v e r a l 
authors have emphasized t h e n e c e s s i t y of a p h y l o g e n e t i c approach 
(7,18) i n o r d e r t o a r r i v e a t a more s t a b l e c l a s s i f i c a t i o n sys tem. 
Moreover, e s t ima te s of genealogical r e l a t i o n s h i p s of p l an t p a r a s i t i c 
nematode s p e c i e s a r e a l s o v a l u a b l e i n s t u d y i n g t h e p r o c e s s of 
coevolution by e v a l u a t i n g t h e degree of s i m i l a r i t y of t h e h o s t and 
nematode p h y l o g e n i e s . E l e c t r o p h o r e t i c t e c h n i q u e s can be a power fu l 
t oo l t o cons t ruc t phylogenies (19,21,28,34). However, the app l i ca t ion 
of s t a r c h g e l e l e c t r o p h o r e s i s of enzymes, a s t a n d a r d t e c h n i q u e for 
many o r g a n i s m s , h a s i t s l i m i t a t i o n s fo r nematode s y s t e m a t i c s . For 
example, the observat ion t h a t morphologically near ly ind i s t i ngu i shab le 
nematode spec ies , such as Caenorhabdit is elegans and Cj_ br iggsae share 
only a few enzyme e n c o d i n g a l l e l e s ( 6 ) , i m p l i e s t h a t enzyme 
e lec t rophores i s i s inadequate for c o n s t r u c t i n g p h y l o g e n e t i c t r e e s of 
more d i s t a n t l y r e l a t e d species wi th in t h i s genus, because no a l l e l e s 
w i l l be s h a r e d . The a p p l i c a t i o n range of 2-DGE seems s u b s t a n t i a l l y 
l a rge r , because the number of l oc i assayed i s an order of a magnitude 
l a rge r , which increases the chance on over lap. Moreover, the p ro t e in s 
sampled with 2-DGE seem evolut ionary more conservat ive than the 20-30 
enzymes u s u a l l y s u r v e y e d w i t h s t a r c h g e l e l e c t r o p h o r e s i s 
(1 ,5 ,26 ,27 ,32) . For example, analyzing approximately 190 p ro t e ins of 
Peromyscus maniculatus and Mus musculus with 2-DGE revealed a genet ic 
d i s tance (D) of 0.5, whereas s t a rch gel e l ec t rophores i s of 30 enzymes 
revealed a d i s t a n c e (D) of 0.94 (1) . The a p p l i c a t i o n range of 2-DGE 
has i t s l i m i t a t i o n s t o o , however . The number of p r o t e i n s sha red 
between G^ r o s toch iens i s and H^ schach t i i was only 3 (Table 1). 
F ina l ly i t i s ment ioned , t h a t 2-DGE seems a s u i t a b l e t o o l i n 
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developing serological assays to discriminate closely related nematode 
species. Current technology offers possibilities to produce large 
quantities of specific antisera by isolating proteins directly from 2-
DGE patterns (37). The contrasting rates of morphological and protein 
evolution among nematode species, suggest that there is in general 
ample opportunity to isolate species specific proteins from 2-DGE 
patterns of morphologically nearly indistinguishable species in order 
to develop a diagnostic test. 
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CHAPTER I I I 
S p e c i e s S p e c i f i c a n d T h e r m o s t a b l e P r o t e i n s f r o m S e c o n d S t a g e 
Larvae o f G l o b o d e r a r o s t o c h i e n s i s and G. p a l l i d a 
ABSTRACT 
Bakker , J . , S c h o t s , A., B o u w m a n - S m i t s , L. a n d Gommers , F . J . 1 9 8 7 . 
S p e c i e s s p e c i f i c and t h e r m o s t a b l e p r o t e i n s from second s t a g e l a r v a e of 
t h e p o t a t o c y s t n e m a t o d e s G l o b o d e r a r o s t o c h i e n s i s a n d G^ p a l l i d a . 
P h y t o p a t h o l o g y . . : 
D i f f e r e n t e l e c t r o p h o r e t i c t e c h n i q u e s w e r e a p p l i e d t o e x t r a c t s of 
second s t a g e l a r v a e of s i x Globodera r o s t o c h i e n s i s and s i x G^ p a l l i d a 
p o p u l a t i o n s . E l e c t r o p h o r e s i s of n a t i v e p r o t e i n s c l e a r l y d i s t i n g u i s h e d 
G. r o s t o c h i e n s i s f rom G. p a l l i d a . F o u r m a j o r p r o t e i n b a n d s w e r e 
s p e c i f i c f o r G. r o s t o c h i e n s i s a n d f i v e f o r G^ p a l l i d a . H o w e v e r , 
r e p e a t e d e x p e r i m e n t s gave l a r g e v a r i a t i o n s i n i n t e n s i t i e s of most of 
t h e s p e c i e s s p e c i f i c p r o t e i n b a n d s . The s p e c i e s s p e c i f i c p r o t e i n bands 
r e s o l v e d w i t h SDS e l e c t r o p h o r e s i s were more r e p r o d u c i b l e . In c o n t r a s t 
w i t h o t h e r r e p o r t s , no c o n s i s t e n t i n t r a s p e c i f i c v a r i a t i o n c o u l d b e 
d e t e c t e d w i t h o n e - d i m e n s i o n a l e l e c t r o p h o r e s i s . A number of t h e s p e c i e s 
s p e c i f i c p r o t e i n s r e s o l v e d w i t h SDS e l e c t r o p h o r e s i s a p p e a r e d t o b e 
t h e r m o s t a b l e and w e r e p a r t i a l l y p u r i f i e d . C h a r a c t e r i z a t i o n o f t h e 
t h e r m o s t a b l e p o l y p e p t i d e s b y t w o - d i m e n s i o n a l e l e c t r o p h o r e s i s ( 2 0 ) , 
r e s o l v e d t h r e e p o l y p e p t i d e s s p e c i f i c f o r G. r o s t o c h i e n s i s w i t h 
i s o e l e c t r i c p o i n t s ( p i ) a n d m o l e c u l a r m a s s e s o f 20 .6 kDa ( p i 5 -30) , 
2 0 . 8 kDa ( p i 5.20) a n d 18.0 kDa ( p i 6 . 0 0 ) , w h i c h s l i g h t l y d i f f e r e d 
from t h o s e s p e c i f i c f o r G^ p a l l i d a , 21 .0 kDa ( p i 5 . 3 2 ) , 20 .5 kDa ( p i 
5.40) a n d 17 .0 kDa ( p i 5 . 8 0 ) . 
A d d i t i o n a l k e y w o r d s : p o t a t o c y s t nema todes , p a t h o t y p e s , s i l v e r s t a i n . 
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INTRODUCTION 
Resistant potato cultivars are, together with crop rotation and the 
use of nematicides, essential for the control of the potato cyst 
nematodes Globodera rostochiensis (Woll.) Skarbilovich and Gj_ pallida 
Stone. Resistance is mainly derived from Solanum tuberosum ssp. 
andigena Juz. and Buk. (30) and S. vernei Bitt. and Wittm. (10), and, 
is mediated by pathotype specific genes (3,15,23,31). However, the 
commercial success of resistant cultivars is limited by the widespread 
occurrence of virulent cyst nematode populations. At present eight 
pathotypes of the potato cyst nematodes (15) are recognized, five 
within G^ rostochiensis (Ro^  - R05) and three within G^ pallida (Pa-^  -
Pa-j). Because large areas are infested with both species, current 
breeding programs are mainly focussed on resistance against most or 
all pathotypes of both species, which is a major constraint for the 
introduction of new resistant cultivars. 
A reliable and quick screening test able to characterize field 
infestations of potato cyst nematodes according to species should 
improve possibilities for control by means of resistance. Diagnosis 
of field populations will allow growers to select cultivars with 
resistance against either of the two species and the introduction of 
new resistant cultivars will be facilitated by incorporating genes 
for resistance effective against either G. rostochiensis or G. 
pallida. The low dispersal abilities and the relative low reproduction 
rate of the potato cyst nematodes favor such an approach. Moreover, 
selection towards alleles for virulence is rather slow (11,12,13,31), 
and in many fields resistant cultivars can be grown without loss of 
yield for several years. 
Identification of G. rostochiensis and G. pallida by morphological 
measurements is hampered by intraspecific variation and interspecific 
overlap (25,26,27) and, in addition, several morphological characters 
are influenced by environmental factors such as temperature and 
availability of food (4). Morphological differentiation of these 
sibling species is therefore time consuming and hence not suited for 
large scale routine purposes. 
The objective of this study was to trace species specific proteins 
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which have s u i t a b l e p r o p e r t i e s f o r t h e deve lopmen t of a s e r o l o g i c a l 
a s s a y . I n a d d i t i o n , we s p e c u l a t e on t h e p o s s i b i l i t y f o r p a t h o t y p i n g 
f i e l d p o p u l a t i o n s . 
MATERIALS AND METHODS 
Popula t ions . T w e l v e p o p u l a t i o n s o f Gj_ r o s t o c h i e n s i s a n d G^ p a l l i d a 
were o b t a i n e d f r o m d i f f e r e n t g e o g r a p h i c a l s o u r c e s ( T a b l e 1 ) . 
P o p u l a t i o n s n o . 1 , 2 , 3 , 4 , 5 , 7 , 9 a n d 10 w e r e k i n d l y s u p p l i e d b y I r . C. 
M i l l e r a n d I n g . J . B a k k e r , P l a n t P r o t e c t i o n S e r v i c e , W a g e n i n g e n , t h e 
N e t h e r l a n d s ; p o p u l a t i o n n o . 12 b y I r . A. M u l d e r , H i l b r a n d s 
Labo ra to r ium, Assen, t h e N e t h e r l a n d s ; p o p u l a t i o n s no. 6 and 11 by Dr. 
H . J . Rumpenhors t , Depar tment of Nematology, Muens t e r , F e d e r a l Repub l i c 
of G e r m a n y a n d p o p u l a t i o n n o . 8 b y D r . A.R. S t o n e , R o t h a m s t e d 
E x p e r i m e n t a l S t a t i o n , H a r p e n d e n , E n g l a n d . A l l p o p u l a t i o n s w e r e 
m a i n t a i n e d on S o l a n u m t u b e r o s u m s s p . t u b e r o s u m ' E i g e n h e i m e r ' , s u s -
c e p t i b l e t o a l l p a t h o t y p e s . 
Morphological c h a r a c t e r i z a t i o n . Second s t a g e l a r v a e were k i l l e d i n FP-
4 ( 1 8 ) a n d f i x e d i n 4% c o l d f o r m a l i n . F u r t h e r p r o c e s s i n g f o r 
measurements was a s d e s c r i b e d b y S e i n h o r s t ( 2 2 ) . On t h e a v e r a g e 20 
spec imens w e r e m e a s u r e d p e r p o p u l a t i o n by o u r t a x o n o m i s t Dr. P.A.A. 
Loof. 
Viru lence c h a r a c t e r i z a t i o n . The p o p u l a t i o n s w e r e t e s t e d f o r t h e i r 
r e p r o d u c t i v e a b i l i t y on t h e d i f f e r e n t i a l s u s e d i n t h e i n t e r n a t i o n a l 
p a t h o t y p e s c h e m e of K o r t e t a l . ( 1 5 ) . S. t u b e r o s u m s s p . t u b e r o s u m was 
r e p r e s e n t e d by commerc i a l c u l t i v a r s s u s c e p t i b l e t o a l l p a t h o t y p e s . S. 
t ube rosum s s p . a n d i g e n a was r e p l a c e d b y t h e c o m m e r c i a l c u l t i v a r 
S a t u r n a h a v i n g t h e r e s i s t a n c e g e n e HI d e r i v e d f rom CPC 1 6 7 3 . I n 
e x p e r i m e n t s i n P e t r i d i s h e s , c a r r i e d o u t b y o u r g e n e t i c i s t I r . R. 
J a n s s e n , S. v e r n e i h y b r . 6 2 . 3 3 . 3 was r e p l a c e d b y c u l t i v a r D a r w i n a . S. 
k u r t z i a n u m h y b r . 6 0 . 2 1 . 1 9 a n d S^ m u l t i d i s s e c t u m h y b r . P 5 5 / 7 w e r e n o t 
i n c l u d e d i n t h i s t e s t . 
V i r u l e n c e c h a r a c t e r i s t i c s w e r e m e a s u r e d by i n o c u l a t i n g 50 s e c o n d 
s t a g e l a r v a e ( t w o p e r r o o t t i p ) on r o o t s of s p r o u t s g rown i n P e t r i 
d i s h e s w i t h w a t e r - a g a r ( 1 7 ) . The n u m b e r o f f e m a l e s t h a t a p p e a r e d on 
t h e r o o t s o f t h e d i f f e r e n t i a l was e x p r e s s e d a s p e r c e n t a g e o f t h e 
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centrifuged (105,000 g) and used immediately for isoelectric focusing. 
Isoelectric focusing in the pH region 4 to 6 was carried out 
essentially as described by O'Farrell (20), with the following 
modifications. The ampholines pH range 5 to 7 were replaced by 
ampholines pH range 4 to 6 and gels were polymerised in glass tubes 
(160 mm x 2 mm inside diameter). The sample (25 - 50 pi) was loaded 
without prefocusing. Isoelectric focusing was carried out according 
the following schedule: 30 min 100 V; 30 min 200 V; 15 hr 300 V and 3 
hr 400 V. In the second dimension the proteins were separated in SDS 
polyacrylamide gels as described above, but with a constant current of 
25 mA. Between isoelectric focusing and SDS electophoresis, gels were 
equilibrated for 10 min in 10% (w/v) glycerol, 5% (v/v) 2-
mercaptoethanol, 2.3% (w/v) SDS in 62.5 mM tris-HCl, pH 6.8. The 
isoelectric points (pi) of the polypeptides were estimated by 
measuring the pH profile of the isoelectric focussing gel with a 
surface pH electrode (Bio-rad). The standard deviations of these pi 
values averaged 0.1 pH unit. 
Staining. Staining with silver was performed according to Oakley et 
al. (19). In a number of experiments proteins were stained with 
Coomassie Brilliant Blue R250. The staining solution contained 0.2% 
coomassie brilliant blue, 50% (v/v) methanol and 7% (v/v) acetic acid. 
The gels were destained in 5% (v/v) methanol and 7% (v/v) acetic acid. 
RESULTS 
In o r d e r t o d e f i n e our p o p u l a t i o n s a s w e l l a s p o s s i b l e , t h e 
v a r i a t i o n i n v i r u l e n c e and m o r p h o l o g y was e x a m i n e d . In m o s t 
combinations designated as compatible according t o the i n t e r n a t i o n a l 
pathotype scheme (15), t h e number of f emales t h a t developed on t h e 
d i f f e r e n t i a l s was r emarkab ly low when compared w i t h t h e g e n e r a l 
suscep t ib le h o s t (Table 1) . For example , t h e r e l a t i v e number of 
females produced on S. vernei hybrid 62.33.3 by the Pa^ popula t ions no 
9, 10 and 11 did not exceed 10%. This i n d i c a t e s t h a t these populat ions 
are m i x t u r e s of i n d i v i d u a l s d i f f e r i n g i n t h e i r a b i l i t y t o overcome 
r e s i s t a n c e . F u r t h e r m o r e , p o p u l a t i o n s c l a s s i f i e d as v i r u l e n t fo r t h e 
same d i f f e r e n t i a l d i f f e r in t h e i r a b i l i t y t o overcome r e s i s t a n c e . For 
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example, populations no. 4 and 6, both classified as virulent for S. 
tuberosum ssp. ££dige££, have a value of 30.0% and 84.6%, 
respectively, for the relative number of females produced on S. 
tuberosum ssp. andigena. 
Morphological characters of second stage larvae are given in Table 
2. Body length and tail length differ markedly from the values given 
in the original descriptions of G. rostochiensis and G. pallida (25) 
and are here not informative in discriminating the two species. Stylet 
length and distance from median bulb valve to excretory pore are in 
concordance with the original descriptions. Although these values are 
variable and overlap between the two species, the average values 
clearly discriminate the two species. The species designation of the 
populations is also supported by the shape of the stylet knobs (Table 
1) and the color of the females (data not shown). 
The twelve populations were investigated with different types of 
protein electrophoresis. Electrophoresis of native proteins clearly 
distinguishes the two species (Fig. 1). Protein bands Rf 0.350, Rf 
0.595, Rf 0.650, Rf 0.750 are specific for G^ rostochiensis and Rf 
0.240, Rf 0.550, Rf 0.590, Rf 0.760, Rf 0.780 for Gj_ pallida. The 
intensities of several species specific proteins bands (e.g. Rf 0.350, 
Rf 0.650, Rf 0.760) varied between repeated experiments, probably due 
to a combination of small variations in the extraction procedures 
(e.g. time between homogenization and electrophoresis) and the 
instability of the native proteins. In some cases species specific 
protein bands were even fully absent (e.g. Rf 0.350, population 3 and 
6) while present in other experiments with the same population. No 
consistent intraspecific differences were detectable. Storage of 
native protein samples at -80 C caused many of the proteins to 
deteriorate resulting in diffuse bands after electrophoresis (results 
not shown). 
Fig. 2 compares the SDS denaturated protein profiles of four G. 
rostochiensis populations and four of G^ pallida. Three major protein 
bands with molecular masses of 31.0 kDa, 20.7 kDa and 18.0 kDa were 
specific for G^ rostochiensis and four major bands with molecular 
masses of 31.5 kDa, 21.0 kDa, 20.5 kDa and 17.0 kDa were specific for 
G. pallida. Subtle quantitative differences are also seen in diffuse 
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bands. These bands are probably composed of several polypeptides 
differing slightly in molecular masses. The intensities of these bands 
varied between repeated experiments and these are therefore not suited 
for species identification. In Fig. 2 only highly reproducible species 
specific bands are indicated. The protein bands 20.7 kDa, 18.0 kDa, 
21.0 kDa, 20.5 kDa and 17.0 kDa stain grey with silver, whereas the 
majority of the proteins stain brown or reddish brown. Protein 
profiles visualized with coomassie brilliant blue (Fig. 3) again 
demonstrate that some of the aforementioned species specific proteins 
are major components of the total soluble protein fraction. With one 
dimensional SDS electrophoresis no intraspecific differences were 
found, neither qualitative nor quantitative. 
Fig. 3 shows the SDS protein patterns of total soluble protein 
fractions and thermostable proteins from second stage larvae. The 
heat treatment resulted in an approximate 50-fold purification of some 
species specific proteins (20.7 kDa, 18.0 kDa and 21.0 kDa, 20.5 kDa, 
17.0 kDa). The species specific thermostable proteins have a high 
affinity for the silver stain. Application of 10 ng heat treated pro-
tein is sufficient to resolve the species specific proteins. 
The heat stable proteins were further characterized by combining 
isoelectric focusing and SDS polyacrylamide gel electrophoresis. Two-
dimensional electrophoretic patterns of total protein and partially 
purified proteins are presented in Fig. 4. The species specific 
thermostable proteins are marked by their molecular masses in kDa. The 
20.7 kDa protein band, specific for G. rostochiensis, is actually 
composed of two polypeptides of 20.6 kDa and 20.8 kDa (Fig. 4A and 
4C). Two dimensional electrophoresis of an equal mixture of heat 
stable proteins of the two species shows the small differences in 
isoelectric point (Fig. 5). The specific polypeptides of G. 
rostochiensis, 20.6 kDa and 20.8 kDa, have an isoelectric point (pi) 
of 5.30 and 5.20, respectively. The specific thermostable proteins of 
G. pallida, 20.5 kDa and 21.0 kDa, have a slightly higher isoelectric 
point, 5.40 and 5.32, respectively. The polypeptide 18.0 kDa, specific 
for G^ rostochiensis, has a pi of 6.00 and the 17.0 kDa polypeptide of 
G. pallida a pi of 5.80 (Fig. 5). It is noted that the differences 
between the pi values of the species specific proteins are constant, 
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whereas the es t imates of the absolute p i values varied between 
independent measurements. 
The species spec i f i c p ro te ins showed no de tec tab le changes in 
molecular mass or i s o e l e c t r i c point a f t e r the p a r t i a l pu r i f i c a t i on 
(Fig. 4), ind ica t ing t h a t the p ro te ins are not markedly affected by 
the h e a t t r e a t m e n t . The t h e r m o s t a b l e p r o t e i n s e x h i b i t e d no 
intraspecific v a r i a t i o n as was a s s e s s e d by two-d imens iona l 
electrophoresis of a l l populations (data not shown). 
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Fig. 1. Electrophoresis under native conditions of second stage larvae 
of six G^_ rostochiensis populations (1 - 6) and six G^ pallida 
populations (7 - 12). The species specific protein bands are indicated 
with their Rf values (x 10 ). The migration distance of bromophenol 
blue was given Rf 1.00. Numbers at bottom of the lanes refer to the 
populations in Table 1. Proteins were stained with silver. Samples 








6 8 10 9 
Fig. 2. SDS electrophoresis of second stage larvae of G. rostochiensis 
(1, 2, 4, 6) and G. pallida (7, 8, 10, 9). Species specific protein 
bands are marked. Values at left and right of the figure refer to 
molecular masses in kilodaltons. Numbers at bottom of the lanes refer 
to the populations in Table 1. Proteins were stained with silver. 
Samples with 3 ug of protein were used. 
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Fig. 3. SDS e l e c t r o p h o r e s i s of c rude homogenates ( l ane 1, 2) and 
thermostable p r o t e i n s ( l a n e 3, 4 ) . The m o l e c u l a r m a s s e s of t h e 
thermostable p ro t e in s spec i f i c for G. ro s toch i ens i s (lane 1, 3) and G. 
p a l l i d a ( l ane 2, 4) a r e i n d i c a t e d - I n k i l o d a l t o n s a t t h e l e f t and" 
r i g h t of t h e f i g u r e , r e s p e c t i v e l y . Samples of t o t a l s o l u b l e p r o t e i n 
(30 pg) and thermostable p ro t e in (5 ug) were obtained from popula t ions 
1 and 8 (see Table 1). Pro te ins were s ta ined with coomassie b r i l l i a n t 










Jt i. 6.2 
_ L _ 
7,0 
i j . 
-26s kD 
Aw_20.6kD i # j J . r * i . 
4 • ..<•>• 
rft mJskD 
J^J^fc *!&... * 
i t 1 
20.8kD_ 
.20.6 k D j »_18kD 
Fig. 4. Two dimensional electrophoretic patterns of total protein (25 
pg) of G^ rostochiensis (A) and of G^_ pallida (B) and thermostable 
proteins (0.5 pg) of G. rostochiensis (C) and of G^ pallida (D). The 
molecular masses of the species specific thermostable polypeptides are 
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for G^ rostochiensis, actually consists of two polypeptides, a peptide 
of 20.8 kilodaltons and of 20.6 kilodaltons. G^ rostochiensis and G. 
pallida are represented by population 1 and 8, respectively, (see 
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Fig. 5. Two dimensional e l e c t r o p h o r e t i c p a t t e r n of a mixture of equal 
p ro t e in q u a n t i t i e s of t h e t h e r m o s t a b l e p r o t e i n s of G. r o s t o c h i e n s i s 
(0.25 ug) and G. p a l l i d a (0.25 pg) . The s p e c i e s s p e c i f i c p o l y p e p t i d e s 
are i n d i c a t e d by t h e i r a p p r o x i m a t e i s o e l e c t r i c p o i n t s (p i ) and 
molecular m a s s e s i n k i l o d a l t o n s . S a m p l e s w e r e p r e p a r e d from 
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Interspecific variation A variety of electrophoretic techniques have 
been used with crude homogenates of G^ rostochiensis and G^ pallida. 
Using these methods several authors have reported distinct protein 
differences between the two species (1,5,6,7,8,9,21,24,28,29,32). So 
far the most promising approach as an advisory tool has been to use 
isoelectric focusing of native proteins of eggs and cysts (5,6). 
Combined with a densitometric evaluation of the protein concentrations 
it was possible to quantify proportions of G^ rostochiensis and G. 
pallida in mixed samples (5,6). However, electrophoresis is probably 
too laborious and too expensive as a routine advisory tool. 
Our approach was to search for species specific proteins having 
suitable properties for the development of a serological assay. Heat 
treatment of crude homogenates resolved several species specific 
proteins, (Fig. 3,4C,4D) which have desirable characteristics for the 
preparation of specific antibodies. These easily purified proteins are 
similar in molecular mass, isoelectric point and color when stained 
with silver. The thermostable proteins seem to be excellent targets to 
quantify proportions of G. rostochiensis and G. pallida in mixed 
samples by measuring concentrations of comparable proteins in the two 
species. This ability to quantify proportions may be crucial for the 
success of a diagnostic test, because field infestations are often 
mixtures of both species. Another desirable trait is that these 
species specific proteins are major components of the soluble protein 
fraction, which would facilitate the isolation of sufficient antigen. 
It is also noted that none of the species specific thermostable 
proteins manifested intraspecific variation as was ascertained with 
two-dimensional electrophoresis of six G. rostochiensis and six G. 
pallida populations. Considering the diverse provenances of the 
populations tested (Table 1), it seems feasible to assume that the 
species specific thermostable polypeptides shown in Fig. 5 are 
representative for many G. rostochiensis and G^ pallida populations 
in Western Europe. 
Intraspecif ic variation. Pathotypes of G^ rostochiensis and G^ pallida 
have been the focus of several electrophoretic studies (1,7,8,9,24). 
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P o p u l a t i o n s , r e p r e s e n t i n g s e v e r a l p a t h o t y p e s o f G. r o s t o c h i e n s i s and 
G. p a l l i d a , h a v e b e e n d i f f e r e n t i a t e d b y c o n v e n t i o n a l d i s c -
e l e t r o p h o r e s i s o f s e c o n d s t a g e l a r v a e (9) a n d by t w o - d i m e n s i o n a l 
e l e c t r o p h o r e s i s of eggs (24) r e v e a l i n g 10 t o 25 ma jo r p r o t e i n s . U n l i k e 
t h o s e i n v e s t i g a t o r s , we were u n a b l e t o d e t e c t c o n s i s t e n t i n t r a s p e c i f i c 
v a r i a t i o n s w i t h o n e - d i m e n s i o n a l e l e c t r o p h o r e s i s ( F i g . 1,2) . 
I t i s o b v i o u s t h a t t h e s e a r c h f o r p a t h o t y p e s p e c i f i c p r o t e i n s i s f a r 
more c o m p l e x t h a n i m p l i c i t l y s u g g e s t e d i n t h e v a r i o u s b i o c h e m i c a l 
r e p o r t s d e a l i n g w i t h p a t h o t y p e s o f p o t a t o c y s t n e m a t o d e s 
( 1 , 7 , 9 , 2 4 , 3 2 ) . One of t h e c o m p l i c a t i n g f a c t o r s i s t h e way p o p u l a t i o n s 
a r e c l a s s i f i e d i n c u r r e n t p a t h o t y p e s c h e m e s ( 3 , 1 5 ) . P o p u l a t i o n s a r e 
d e s i g n a t e d a s a v i r u l e n t o r v i r u l e n t f o r a c e r t a i n d i f f e r e n t i a l , i f t h e 
r e p r o d u c t i o n f a c t o r ( P ^ / P ^ ) i s < 1 o r > 1 , r e s p e c t i v e l y ( 3 , 1 5 ) . T a k i n g 
a r e p r o d u c t i o n f a c t o r of 20 on t h e g e n e r a l s u s c e p t i b l e h o s t , which i s 
a no rma l v a l u e , a r e p r o d u c t i o n f a c t o r of 1 on a d i f f e r e n t i a l i n f e r s 
t h a t a p p r o x i m a t e l y 5% of t h e i n d i v i d u a l s a r e c a p a b l e of deve lopmen t on 
t h a t d i f f e r e n t i a l ( s e e a l s o T a b l e 1 ) . H e n c e , a c c o r d i n g t o t h i s 
d e f i n i t i o n , t h e n u m b e r o f v i r u l e n t i n d i v i d u a l s f o r a g i v e n 
d i f f e r e n t i a l i n p o p u l a t i o n s c l a s s i f i e d a s i d e n t i c a l p a t h o t y p e s may 
v a r y f r o m a p p r o x i m a t e l y 5% t o 100%. As a c o n s e q u e n c e , c u r r e n t 
p a t h o t y p e c l a s s i f i c a t i o n i s n o t a c c u r a t e enough t o t r a c e c o r r e l a t i o n s 
be tween i n t r a s p e c i f i c p r o t e i n v a r i a t i o n s and v i r u l e n t g e n o t y p e s . For a 
p r o p e r a n a l y s i s i t i s n e c e s s a r y t o e s t i m a t e f o r e ach d i f f e r e n t i a l t h e 
number o f v i r u l e n t g e n o t y p e s ( s e e T a b l e 1 ) . U n t i l now s u c h e s t i m a t e s 
have n e v e r b e e n p r e s e n t e d i n b i o c h e m i c a l s t u d i e s on p a t h o t y p e s 
( 1 , 7 , 9 , 2 4 , 3 2 ) . In v i e w o f t h e s e c o n s i d e r a t i o n s i t i s e v i d e n t t h a t 
e x i s t i n g b i o c h e m i c a l i n f o r m a t i o n o n i n t r a s p e c i f i c v a r i a t i o n s 
( 1 , 7 , 9 , 2 4 , 3 2 ) i s o f l i t t l e u s e i n d e v e l o p i n g t e s t s t o q u a n t i f y t h e 
number of v i r u l e n t g e n o t y p e s i n f i e l d p o p u l a t i o n s . 
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CHAPTER IV 
Genetic Variation in Polypeptide Maps of two Globodera 
rostochiensis Pathotypes 
ABSTRACT 
Bakker, J . , and B o u w m a n - S m i t s , L. 1987 . G e n e t i c v a r i a t i o n i n 
polypeptide maps of two G l o b o d e r a r o s t o c h i e n s i s p a t h o t y p e s . 
Phytopathology . . : 
The p r o t e i n c o m p o s i t i o n of females of Globodera ro s toch i ens i s was 
analyzed with two dimensional gel e l ec t rophores i s (2-DGE) followed by 
a s e n s i t i v e s i l v e r s t a i n . S t a n d a r d i z a t i o n of t h e p r o t e i n e x t r a c t i o n 
from young females r e s u l t e d in r e p r o d u c i b l e p r o t e i n p r o f i l e s , which 
were independen t of h o s t g e n o t y p e s . P r o t e i n p a t t e r n s of nematodes 
reared on p o t a t o and t o m a t o were i n d i s t i n g u i s h a b l e . I s o e l e c t r i c 
focusing w i t h i n t h e pH range 5-7 and n o n e q u i l i b r i u m pH g r a d i e n t 
e l ec t rophores i s of bas ic p r o t e i n s followed by sodium dodecyl su l f a t e 
e l ec t rophores i s r e s o l v e d a p p r o x i m a t e l y 720 p r o t e i n s p o t s p e r 
populat ion. Comparison of two G. ros toch iens i s popula t ions , c l a s s i f i e d 
as p a t h o t y p e Ro-, and ROr, r e v e a l e d 680 i n v a r i a n t and 39 v a r i a n t 
p r o t e i n s p o t s . Twenty t h r e e v a r i a n t s seem t o be t h e r e s u l t of amino 
acid s u b s t i t u t i o n s t h a t a l t e r n e t charge and invo lved 11 p u t a t i v e 
l o c i . The u n d e r l y i n g mechanisms of t h e r e m a i n i n g 16 v a r i a n t s a r e 
unc lear . 
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INTRODUCTION 
P a t h o t y p e s of t h e p o t a t o c y s t n e m a t o d e s G l o b o d e r a r o s t o c h i e n s i s 
(Wol l . ) S k a r b i l o v i c h and G^ p a l l i d a S tone a r e d e f i n e d by t h e i r a b i l i t y 
t o overcome genes f o r r e s i s t a n c e d e r i v e d from Solanum tube rosum spp . 
a n d i g e n a J u z . a n d Buk. , S. k u r t z i a n u m B i t t . a n d W i t t m . a n d S. v e r n e i 
B i t t . a n d W i t t m . ( 2 0 ) . At p r e s e n t e i g h t p a t h o t y p e s a r e r e c o g n i z e d i n 
Europe, f i v e w i t h i n G^ r o s t o c h i e n s i s (Roj^-Rog) a n d t h r e e w i t h i n G. 
p a l l i d a (Pa-^-Pa3)(20). S e v e r a l a u t h o r s have s u g g e s t e d t h a t most genes 
m e d i a t i n g r e s i s t a n c e a n d v i r u l e n c e m i g h t o p e r a t e on t h e b a s i s o f a 
g e n e - f o r - g e n e r e l a t i o n s h i p ( 1 5 , 1 6 , 4 3 ) . 
The f u n d a m e n t a l p r o c e s s e s i n v o l v e d w i t h t h e i n d u c t i o n a n d 
ma in t e na nc e of s y n c y t i a , a n d t h e s p e c i f i c m e c h a n i s m s u n d e r l y i n g 
v i r u l e n c e a r e unknown . S e c o n d s t a g e l a r v a e i n v a d e t h e r o o t s a n d , 
a d j a c e n t t o t h e x y l e m v e s s e l s , i n d u c e m u l t i n u c l e a t e t r a n s f e r c e l l s 
( 1 7 , 1 8 ) , w h i c h s e r v e a s f e e d i n g s i t e s . I n t h e i n c o m p a t i b l e 
c o m b i n a t i o n s t h e s y n c y t i a r e m a i n s m a l l and a r e o f t e n accompanied by a 
n e c r o t i c r e a c t i o n (14) r e s u l t i n g i n a t o o l i m i t e d a m o u n t of f o o d f o r 
t h e f e m a l e s t o d e v e l o p . I t h a s b e e n s u g g e s t e d , s i m i l a r t o o t h e r 
s e d e n t a r y n e m a t o d e s ( 2 , 3 ) , t h a t p r o t e i n s u b s t a n c e s i n t h e s a l i v a of 
t h e p o t a t o c y s t nematodes a r e r e s p o n s i b l e f o r p a t h o g e n i c i t y (15) . 
A major o b s t a c l e t o b i o c h e m i c a l r e s e a r c h on o b l i g a t e o r g a n i s m s , such 
a s p o t a t o c y s t n e m a t o d e s , i s t h e l i m i t e d amount of b i o l o g i c a l m a t e r i a l 
t h a t c a n b e o b t a i n e d . T h e r e f o r e m e t h o d s w i t h h i g h s e n s i t i v i t y a r e 
needed . M i c r o e l e c t r o p h o r e s i s , f o r i n s t a n c e , h a s b e e n u s e d t o s t u d y 
s i n g l e n e m a t o d e s ( 6 , 3 6 ) o r e v e n p a r t s of t h e m ( 3 5 ) . H o w e v e r , i t s 
a p p l i c a t i o n i s l i m i t e d when d e a l i n g w i t h complex p r o t e i n m i x t u r e s . 
Two-dimens iona l g e l e l e c t r o p h o r e s i s (2-DGE), a s o r i g i n a l l y d e s c r i b e d 
by O ' F a r r e l l ( 2 9 ) , c o m b i n e d w i t h a s i l v e r s t a i n ( 2 4 , 2 8 ) o r 
a u t o r a d i o g r a p h y (22,29) i s a p o w e r f u l r e s e a r c h t o o l . 2-DGE i s a b l e t o 
r e s o l v e more t h a n hundred gene p r o d u c t s from m i n u t e amounts of c rude 
nematode h o m o g e n a t e s (1 ,8 ) . 
In t h i s s t u d y we i n v e s t i g a t e d t h e p o t e n t i a l of 2-DGE i n m o n i t o r i n g 
p a t t e r n s of g e n e e x p r e s s i o n and g e n e t i c v a r i a b i l i t y i n p o t a t o c y s t 
nema todes . 
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MATERIALS AND METHODS 
Populations. G. rostochiensis population MIER, classified as pathotype 
Ro-, (RO-.-M), was supplied by Ir. C. Miller and Ing. J. Bakker, Plant 
Protection Service, Wageningen, the Netherlands. G. rostochiensis 
population H, classified as ROr (Ro^-H), was obtained from Dr. H.J. 
Rumpenhorst, Department of Nematology, Muenster, Federal Republic of 
Germany. The former population was collected at Wageningen, the 
Netherlands, and the latter at Harmerz, Federal Republic of Germany. 
Populations were maintained on Solanum tuberosum spp. tuberosum L. 
'Eigenheimer'. 
The virulence characteristics of the populations were estimated by 
testing their reproductive ability on the differentials used in the 
international pathotype scheme of Kort et al. (20). S^_ tuberosum 
ssp.tuberosum, was represented by the commercial cultivar Eigenheimer, 
susceptible to all pathotypes. S^ tuberosum ssp. andigena was replaced 
by the commercial cultivar Saturna having the resistance gene H-, , 
derived from CPC 16 73 (20). The number of females developed on the 
differentials was expressed as a percentage of the number developed on 
the susceptible cultivar Eigenheimer. These percentages were used as 
an indication for the number of virulent individuals in the 
populations. For population Ro-,-M these percentages were 0% for S. 
tuberosum ssp. andigena hybr. CPC 1673, 0% for S. vernei hybr. 62.33.3 
and 1% (0.2) for S. vernei hybr. 58.1642/4. For population Ro5-H the 
percentages were 84.6% (3.7) for S. tuberosum ssp. andigena hybr. CPC 
1673, 14.8% (1.6) for S^ vernei hybr. 62.33.3 and 30% (9) for S^ 
vernei hybr. 58.1642/4. Figures in parenthesis are the standard 
deviations. Values for the first two differentials were calculated 
from the number of females, that developed on roots of sprouts grown 
on water agar (26). The percentages for the latter were calculated 
from females developed on potatoes grown in pots. 
With regard to the genetics of G. rostochiensis, it is noted that 
potato cyst nematodes are diploid organisms with a haploid chromosome 
number of nine (7). No clear evidence is available for sex determining 
heteromorphic chromosomes (7). Moreover sex determination seems 
epigenic (25). 
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Preparation of p r o t e i n samples . The c u l t i v a r s Eigenheimer and Mentor, 
suscep t ib le to both pathotypes, were inoculated with approximately 200 
cys t s and grown i n p o t s (1 L) f i l l e d w i t h sandy loam and p l a c e d i n a 
growth chamber a t 18 C and 16 h r d a y l e n g t h . P o p u l a t i o n s were a l s o 
reared on Lycopersicum esculentum L. 'Moneymaker'. 
Females were co l l ec t ed in a small g lass mortar and r insed with 10 mM 
tris-HCL, pH 7.4 (3 x 200 p i ) . T o t a l p r o t e i n samples were p r e p a r e d by 
homogenizing 100 females i n 60 p i 10 mM t r i s -HCL, pH 7.4, and 5% (v/v) 
2-mercaptoethanol and subsequently sa tu ra t ed with 64 mg urea. Soluble 
p ro te ins were o b t a i n e d by homogeniz ing 200 females i n 90 p i 10 mM 
tris-HCL, pH 7.4 and 5% (v/v) 2 - m e r c a p t o e t h a n o l . The homogenate was 
centr i fuged for 10 min a t 105,000 g and t h e s u p e r n a t a n t (60 p i ) was 
sa tu ra ted w i t h 64 mg u r e a . A l l p r o t e i n samples were s t o r e d a t -80 C 
u n t i l u s e . 
Females c o l l e c t e d a t a c e r t a i n t i m e a f t e r i n o c u l a t i o n a r e a lways a 
varying m i x t u r e of e.g. w h i t e , y e l l o w , s m a l l and l a r g e i n d i v i d u a l s . 
In o r d e r t o exc lude u n d e s i r a b l e v a r i a t i o n s , t h e nematodes were 
handpicked under a d i s s e c t i n g microscope. Only hea l thy looking white 
fullgrown females were s e l e c t e d . As a s t a n d a r d t h e nematodes were 
harves ted 33 t o 45 days a f t e r inocu la t ion . 
Sampling e r r o r s due t o gene t ic v a r i a t i o n s between ind iv idua l s are 
n e g l i g i b l e , because p ro t e in samples were prepared by homogenizing 100 
or more ind iv idua l s . 
T\*o d i m e n s i o n a l g e l e l e c t r o p h o r e s i s . Chemicals for i s o e l e c t r i c 
focusing and sod ium d o d e c y l s u l f a t e (SDS) p o l y a c r y l a m i d e g e l 
e l ec t rophores i s were pu rchased from Bio-Rad, Richmond, excep t fo r 
ampholines pH range 5 t o 5.5 and Nonidet P-40 which were obtained from 
Serva, D-69 H e i d e l b e r g , West Germany and Sigma Chemical Co., S t . 
Louis, r e spec t ive ly . 
Thir teen pi of medium cons i s t ing of 2% ampholines pH range 3-10, 8% 
ampholines pH r a n g e 5 - 7 , 10% (w/v) N o n i d e t P - 4 0 , 25% ( v / v ) 2 -
mercaptoethanol was added t o t h e thawed sample . The sample was 
centr i fuged a t 105,000 g for 20 min. Prote in de terminat ions were made 
according t o Bradford (4) by measur ing t h e s h i f t i n e x t i n c t i o n of 
Coomassie B r i l l i a n t Blue a t 595 nm. 
I s o e l e c t r i c focus ing in t h e pH r e g i o n 5-7 was e s s e n t i a l l y a s 
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described by O ' F a r r e l l (29) w i t h t h e f o l l o w i n g m o d i f i c a t i o n s . Gels 
were polymerized in g lass tubing (160 x 2 mm ins ide d iameter) . Samples 
(25 - 50 pi) were loaded without prefocusing. The remaining space in 
the tube above t h e sample was f i l l e d w i t h a s o l u t i o n w i t h t h e same 
buffer c o m p o s i t i o n as t h e sample i . e . 4.75 mM t r i s -HCL pH 7.4, 8.9 M 
urea, 5% ( v / v ) 2 - m e r c a p t o e t h a n o l , 1% (w/v) N o n i d e t P - 4 0 , 0.9% 
ampholines pH range 5-7, 0.2% amphol ines pH range 3-10. In t h i s way 
va r i a t i ons due t o a p p l i c a t i o n of d i f f e r e n t s a m p l e v o l u m e s a r e 
minimized. I s o e l e c t r i c focusing was performed according the following 
schedule: 30 min 100 V; 30 min 200 V; 15 h r 300 V; 3 h r 400 V. 
Elec t rophores is was towards the anode with bas ic r e se rvo i r on top and 
the ac id i c r e se rvo i r a t the bottom. Equilibrium e l ec t rophores i s wi th in 
the pH range 5-5.5 was c a r r i e d ou t by r e p l a c i n g t h e amphol ines pH 
range 5-7 by an equal amount of ampholines pH range 5-5.5. 
Nonequilibrium pH g r a d i e n t e l e c t r o p h o r e s i s (30) was done by u s i n g 
the same polymerizat ion mixture as for i s o e l e c t r i c focusing wi th in the 
pH region 5-7. Elec t rophores is was towards the cathode and terminated 
a f t e r 4 h r a t 400 V. 
After i s o e l e c t r i c focusing the ge ls were equ i l i b r a t ed for 10 min in 
a SDS b u f f e r (29) and s u b j e c t e d t o a d i s c o n t i n u o u s SDS g e l system 
(21) w i t h a 12% (w/v) a c r y l a m i d e s e p a r a t i o n g e l ( t h i c k n e s s 1.5 mm, 
s l ab ge l a p p a r a t u s model 220 Bio-Rad). Af te r n o n e q u i l i b r i u m pH 
gradient e l e c t r o p h o r e s i s a 15% (w/v) a c r y l a m i d e s e p a r a t i o n g e l was 
used. SDS e l ec t rophores i s was performed with a constant cur ren t of 25 
mA. 
The i s o e l e c t r i c p o i n t s (p i ) of t h e p r o t e i n s were e s t i m a t e d by 
measuring t h e pH g r a d i e n t w i t h a pH c o n t a c t e l e c t r o d e (Bio-Rad). The 
standard devia t ions of these p i values averaged 0.5 pH un i t . Apparent 
molecular w e i g h t s were e s t i m a t e d by u s i n g p h o s p h o r y l a s e B, bov ine 
serum a lbumine , ova lbumine , c a r b o n i c anhydra se , soybean t r y p s i n 
i n h i b i t o r and lysozyme as r e f e r e n c e p r o t e i n s (Bio-Rad low m o l e c u l a r 
weight standard so lu t ion ) . 
Staining. The s i l v e r s t a in ing procedure descr ibed by Oakley (28) was 
modified as f o l l o w s . Step 1, g e l s were f i xed fo r 30 min in a s o l u t i o n 
containing 50% methanol and 10% a c e t i c ac id . Step 2, s tored overnight 
in 5% methanol w i t h 7% a c e t i c a c i d . S tep 3, soaked d u r i n g 1 h r i n 7% 
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glutaraldehyde. Step 4, rinsed for 24 hr in distilled water ( 4 x 400 
ml). Step 5, complexed with silver for 1 hr in an ammoniacal silver 
solution containing 0.075% NaOH, 1.2% (v/v) NH40H, 0.32% AgN03, 300 ml 
per gel. Step 6, washed in distilled water during 15 min ( 3 x 500 
ml). Step 7, transferred to a clean container and immersed in a 
solution containing 0.001% citric acid and 0.002% formaldehyde. The 
proteins became visible after approximately 15 min. Protein profiles 
were compared visually by superimposing the original gels on a bench 
viewer, illuminated with fluorescent tubes. The number of replicates 
per object ranged from 4 to 20. 
RESULTS 
Varia t ions in hatch and development are major obs tac les in obtaining 
h ighly s tandardized p ro t e in samples. The t ime a t which the nematodes 
were h a r v e s t e d v a r i e d from 33 t o 45 days a f t e r i n o c u l a t i o n . These 
v a r i a t i o n s were mainly caused by d i f ferences in the age of the tubers 
and c y s t s . Analysis of t o t a l p ro t e in e x t r a c t s with 2-DGE wi th in the pH 
range 5-7 showed t h a t our p r o t e i n e x t r a c t i o n was not i n f l u e n c e d by 
these v a r i a t i o n s . White fullgrown females harves ted a t 33, 36, 40 and 
45 days a f t e r inocula t ion gave i d e n t i c a l p ro t e in p r o f i l e s . The p ro t e in 
p a t t e r n s were a l s o not i n f l u e n c e d by t h e h o s t geno types . Females 
reared on the po ta to c u l t i v a r s Mentor and Eigenheimer and the tomato 
c u l t i v a r Moneymaker revealed no no t iceab le d i f fe rences . 
Class i f icat ion o f v a r i a n t p r o t e i n s p o t s . D e s p i t e t h e h i g h 
s tandardiza ton of t h e 2-DGE p rocedu re s e v e r a l p r o t e i n s v a r i e d i n 
i n t e n s i t i e s between repeated experiments or were even absent in some 
experiments. The main source of v a r i a t i o n was found in t h e s i l v e r 
s t a in ing procedure. During the course of t h i s study we t e s t e d severa l 
s i l v e r s t a i n i n g methods (23 ,24 ,28 ,34 ,46) , b u t o b t a i n e d no b e t t e r 
r e s u l t s t han w i t h t h e p r o c e d u r e d e s c r i b e d h e r e . In t h i s s t udy on ly 
those v a r i a n t s were recorded which were c o n s i s t e n t l y d i f f e r e n t between 
the two popula t ions . 
Comparison of t h e 2-DGE p r o t e i n p a t t e r n s of p o p u l a t i o n Ro-,-M and 
ROr-H r e v e a l e d 680 i n v a r i a n t and 39 v a r i a n t p r o t e i n s p o t s (Table 1). 
The va r i an t s were divided in th ree groups: i ) va r i an t s which seem t o 
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be the r e s u l t of i s o e l e c t r i c po in t changing amino ac id s u b s t i t u t i o n s 
( IP-var ian t s ) (Fig . 1A and IB), i i ) v a r i a n t s c h a r a c t e r i z e d by t h e 
presence or absence of a p ro t e in (PA-variants)(Fig. 1C), i i i ) v a r i a n t s 
expressed by d i f ferences in concentra t ion (C-variants)(Fig. ID). 
The c o r r e s p o n d i n g I P - v a r i a n t s a r e d e s i g n a t e d as such because t hey 
have t h e c h a r a c t e r i s t i c s expec ted from p r o t e i n v a r i a t i o n s caused by 
mutations l e a d i n g t o n e t charge change (5 ,19 ,22 ,32 ,37 ,39 ,44 ) . The 
corresponding I P - v a r i a n t s have a modera te d i f f e r e n c e in i s o e l e c t r i c 
poin t , s i m i l a r m o l e c u l a r we igh t and seem t o be produced i n s i m i l a r 
q u a n t i t i e s pe r h a p l o i d s e t of chromosomes w i t h i n each i n d i v i d u a l . 
Corresponding IP -va r i an t s a re assumed t o be encoded by a l l e l e s a t the 
same l o c u s . The I P - v a r i a n t s a r e a s s i g n e d w i t h c a p i t a l s r e f e r r i n g t o 
the p u t a t i v e l o c i and n u m b e r s r e f e r r i n g t o t h e a l l e l e s . T h i s 
i n t e r p r e t a t i o n i s a l s o suppor t ed by t h e c o l o r of t h e p r o t e i n s . The 
color of the approximately 700 p ro t e in s s tudied here ranged from red 
(+5%), reddish brown (+70%), b lack ish brown (+5%), brownish grey (+5%) 
t o grey (+15%). A l l c o r r e s p o n d i n g I P - v a r i a n t s have i d e n t i c a l c o l o r s , 
which i s expected from pro te ins d i f f e r ing in a small number of amino 
acid r e s i d u e s (27). 
In t h i s study the IP-var ian t l oc i manifest themselves in two ways. 
The f i r s t group c o n s i s t s of IP -var ian t l o c i which are monomorphic in 
both p o p u l a t i o n s (Table 1: l o c u s A, C, D, G, H, and J ) . These I P -
va r i an t s have s i m i l a r spot s i ze s and i n t e n s i t i e s in populat ion ROT-M 
and ROc-H (e.g. Fig. 1A). The second group cons i s t s of IP-var ian t l o c i 
which are monomorphic in populat ion in Ro-,-M and polymorphic in ROc-H 
(Table 1: l ocus B, E, F, I and K). An i m p o r t a n t c l u e in r e c o g n i z i n g 
these IP -va r i an t s as such i s , t h a t the p ro t e in quan t i ty of each of the 
a l l e l e p r o d u c t s i n Ro5-H i s s m a l l e r than t h a t of t h e c o r r e s p o n d i n g 
a l l e l e p r o d u c t i n Ro-,-M (e.g. F ig . IB). This behav iour i s expec ted 
from m u t a t i o n s r e s u l t i n g in a n e t cha rge change. The sum of t h e 
p ro te in q u a n t i t i e s of t h e a l l e l e p r o d u c t s from a po lymorph ic l o c u s 
should be equa l or a t l e a s t c l o s e t o t h e p r o t e i n q u a n t i t y of t h e 
corresponding a l l e l e product from a monomorphic locus . 
The r ema in ing v a r i a n t s fo r which no p u t a t i v e corresponding a l l e l e 
products could be t raced , a re designated as C- or PA-variants (Fig. 1C 
and ID). The C- and P A - v a r i a n t s a r e combined w i t h i n one c l a s s of 
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v a r i a n t s , t h e n o n i s o e l e c t r i c p o i n t v a r i a n t s ( N I P - v a r i a n t s ) . The NIP-
va r i an t s a r e d e s i g n a t e d w i t h an a r a b i c number (Fig . 1, 2 and 3, Table 
1 ) . 
2-DGE, pH range 5 - 7 . T o t a l p r o t e i n a n a l y s i s r e s o l v e d 393 i n v a r i a n t 
p ro t e in s p o t s and 11 I P - , 5 PA- and 3 C - v a r i a n t s (Fig . 2, Table 1). 2-
DGE of s o l u b l e p r o t e i n s r e v e a l e d 6 I P - and 2 P A - v a r i a n t s and 79 
i nva r i an t p r o t e i n s p o t s , which were no t d e t e c t a b l e in t o t a l p r o t e i n 
samples (Table 1) . I t i s no ted , t h a t p r o t e i n s w i t h an i s o e l e c t r i c 
po in t h i g h e r t h a n t h e p r o t e i n s V, W, X and Y were no t examined, 
because of t h e r e l a t i v e poor r e s o l u t i o n and r e p r o d u c i b i l i t y in t h i s 
area (F ig . 2) . 
Scrut iny of t h e t o t a l p r o t e i n p a t t e r n s of d i f f e r e n t g e n e r a t i o n s 
revealed no d i s p a r i t i e s with the r e s u l t s presented here . Total p ro t e in 
pa t t e rn s from t h r e e and two g e n e r a t i o n s of Ro-,-M and ROr-H, 
r e spec t ive ly , were i d e n t i c a l . 
2-DGE, pH range 5 - 5.5 A n a l y s i s of t h e s o l u b l e p r o t e i n f r a c t i o n 
demonstrated t h a t C - v a r i a n t no. 3 i s a c t u a l l y composed of two 
va r i an t p r o t e i n s p o t s (Table 1) . This t ype of 2-DGE r e s o l v e d in 
add i t ion 1 PA- and l C - v a r i a n t no t t r a c e d w i t h 2-DGE pH range 5-7 
(Table 1) . 
2-DGE, b a s i c p r o t e i n s . Nonequilibrium pH grad ien t e l ec t rophores i s of 
soluble p ro t e in s resolved 6 IP-, 3 PA-variants and approximately 170 
inva r i an t p ro te ins not detec ted with 2-DGE pH range 5-7. The major i ty 
of these va r i an t and inva r i an t p ro t e in s have probably an i s o e l e c t r i c 
po in t above 6.8. This was e s t i m a t e d by us ing t h e p r o t e i n s V, W, X and 
Y as r e f e r e n c e s . These p r o t e i n s , which a r e r e s o l v e d bo th w i t h 
e l ec t rophores i s w i t h i n t h e pH r a n g e 5-7 ( F i g . 2A) and w i t h 
nonequil ibrium pH g r a d i e n t e l e c t r o p h o r e s i s ( F i g . 3A), h a v e 
i s o e l e c t r i c p o i n t s of 6 .86 , 6 .92 , 6.86 and 7 .00 . The r e f e r e n c e 
p ro t e in s a r e e a s i l y r e c o g n i z e d i n b o t h sys tems by t h e i r r e l a t i v e 
abundance and c o l o r . P r o t e i n V, W, and X a r e r e d d i s h brown and Y i s 
grey. I t i s p u z z l i n g , t h a t t h e I P - v a r i a n t s I , and I 2 (F ig . 3) , which 
have a lower e l e c t r o p h o r e t i c mobi l i ty towards the cathode than p ro t e in 
V, were n o t d e t e c t e d w i t h 2-DGE w i t h i n t h e pH range 5-7 (Fig . 2A and 
2B) . 
The bas i c high molecular weight p ro te ins have a low e l e c t r o p h o r e t i c 
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mobi l i ty towards the cathode and are there fore not op t imal ly separated 
by n o n e q u i l i b r i u m pH g r a d i e n t e l e c t r o p h o r e s i s (F ig . 3) . A b e t t e r 
r e so lu t i on of t h e s e h i g h m o l e c u l a r we igh t p r o t e i n s was o b t a i n e d by 
extending the e l ec t rophores i s t ime in the f i r s t dimension t o 18 h r . In 
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Fig. 1 Examples of the types of variant protein spots detected by the 
comparison of 2-DGE protein patterns of G^ rostochiensis population 
Ro-j-M (left) and ROg-H (right). A and B~ Variations having the 
characteristics expected from amino acid substitutions that alter the 
isoelectric point of a protein. The isoelectric point variants (IP-
variants) are assigned with capitals referring to the putative loci 
and numbers referring to the alleles. C and D. Variants for which no 
putative corresponding allele product could be traced are marked with 
arabic numbers. Differences expressed by presence/absence data (C) 
and differences in concentration (D) were combined within one class of 
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DISCUSSION 
Various electrophoretic techniques have been used to study the 
potato cyst nematode G. rostochiensis (9,10,11,12,31,33,40,41,42,45). 
The number of proteins detected in these studies ranged from 10 to 70. 
Conventional disc electrophoresis of females showed marked variations 
between protein patterns of different populations (11,12,41,42). Many 
of those variations appeared not to be genetically determined and were 
ascribed to the comparison of females differing in physiological stage 
(12). Because large quantities of synchronized females are difficult 
to obtain, several investigators switched to electrophoresis of second 
stage larvae and eggs, and achieved more reproducible protein profiles 
(9,10,12,31,40). So far the most extensive report dealt with 
isoelectric focusing of eggs resolving 40 major protein bands and 23 
enzymes (10). Intraspecific variation within G^_ rostochiensis was 
observed at one enzyme locus (10). 
In this study the sample preparation was highly standardized by a 
careful selection of uniform females under a dissecting microscope. In 
this way variations between independent experiments due to differences 
in age or condition of the nematodes were minimized. Unlike other 
investigators (12), we observed no noticeable effect of the host 
genotypes. Protein patterns of females reared on potato and tomato 
were indistinguishable. 
IP- and NIP-variants. Codominant alleles coding for proteins differing 
in one or more net charge changing amino acids are a prominent group 
among the variants detected by enzyme electrophoresis (13) and 2-DGE 
(5,19,22,32,37,39,44). In view of these reports and the 
characteristics of the isoelectric point variants (IP-variants) it 
seems feasible to assume that the corresponding IP-variants are the 
products of alleles at the same locus. Evaluating the variants 
detected in previous 2-DGE studies (5,19,22,32,37,39,44) shows that 
it is unlikely that other types of genetic variation will give rise to 
protein variations having the characteristics of the IP-variants. Of 
course, our results provide no conclusive evidence and one should 
always be aware of exceptions. 
Eleven loci are involved with the 23 IP-variants. Population Ro-^ -M 
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appeared monomorphic fo r a l l I P - v a r i a n t l o c i , whereas Ro^-H was 
polymorphic fo r 5 l o c i and monomorphic fo r 6 l o c i (Table 1). However, 
not neces sa r i l y a l l ind iv idua l s in populat ion Ro-,-M and Ro^-H need t o 
be homozygous for these monomorphic l o c i . The 2-DGE p ro te in p a t t e r n s 
represent the average p ro t e in composition of 100 ind iv idua l s or more 
and, hence, a l l e l e s p resen t in low frequencies may remain unnoticed. 
This w i l l e s p e c i a l l y be t h e c a s e f o r a l l e l e s p r o d u c i n g s m a l l 
q u a n t i t i e s of p r o t e i n (e .g. F ig . 2A and 2B, l o c i B and D). 
The methodology used here al lows no c l ea r cut d i s t i n c t i o n between 
the C - v a r i a n t s and t h e P A - v a r i a n t s . P r o t e i n s c l a s s i f i e d by us a s in-
va r i an t s may be t h e r e s u l t of p r e s e n c e / a b s e n c e d a t a in i n d i v i d u a l s . 
The absence i n one genotype (e .g . n u l l a l l e l e s ) and t h e p r e s e n c e in 
the other w i l l r e s u l t in a C-variant in case populat ion Ro-^ -M and R05-
H conta in unequal propor t ions of these genotypes. The major i ty of the 
NIP-var iants , 5 C- and 11 P A - v a r i a n t s , a r e p r o b a b l y g e n e t i c a l l y 
determined. Pa t t e rns from th ree subsequent genera t ions of populat ion 
Ro-^ -M and two of R05-H provided no evidence t h a t they are caused by a 
va r i ab le expression of the genotype. 
The g e n e t i c background of t h e N I P - v a r i a n t s i s u n c l e a r . A number of 
NIP-var iants may, s i m i l a r t o t h e I P - v a r i a n t s , be t h e r e s u l t of n e t 
charge changing amino acid s u b s t i t u t i o n s . For example, p ro t e in Z and 
NIP-variant no. 7 (Fig . 2A and 2B) may be encoded by a l l e l e s a t t h e 
same l o c u s , b u t a r e not r e cogn i zed as such, because p r o t e i n Z i s 
recorded as i n v a r i a n t . I t i s s t r e s s e d t h a t a q u a n t i t a t i v e d i f f e r e n c e 
between p ro t e in Z in populat ion Ro,-M and Roc-H, which i s equal t o the 
quant i ty of NIP-variant no. 7, i s not de tec tab le with t h i s system. 
Some N I P - v a r i a n t s may a l s o be g e n e r a t e d by m u t a t i o n s in t h e 
regu la tory sequences of t h e genome and s t r u c t u r a l genes , which 
influence the syn thes i s , processing and degradat ion of o ther p r o t e i n s . 
In t h i s s i t u a t i o n one m u t a t i o n may r e s u l t i n more t h a n one NIP-
va r i an t . 
Virulence. P o p u l a t i o n R o ^ M and Ro5~H d i f f e r w i d e l y i n t h e i r 
c a p a b i l i t y t o overcome var ious genes for r e s i s t a n c e presen t in po ta to . 
Speculation on r e l a t i o n s h i p s between t h e IP and N I P - v a r i a n t s in t h e 
females and genes for ( a ) v i r u l e n c e i s no t y e t f e a s i b l e . We a r e 
i nves t i ga t i ng segregat ion p a t t e r n s of v i ru lence genes and the IP- and 
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NIP-variants. 
In t h e o r y , i t may b e p o s s i b l e t o t r a c e w i t h 2-DGE p r o t e i n s e n c o d e d 
by g e n e s f o r v i r u l e n c e . However, t h e r e a r e s e v e r a l p o i n t s of c o n c e r n . 
F i r s t , i t i s n o t known w h e t h e r o r n o t g e n e s f o r ( a ) v i r u l e n c e a r e 
t r a n s l a t e d i n t o p r o t e i n s a n d , i f s o , w h e t h e r t h e y a r e i n s u f f i c i e n t 
amounts t o be d e t e c t a b l e . Second, no t a l l g e n e t i c v a r i a t i o n i s v i s i b l e 
on a 2-DGE p a t t e r n . Only a b o u t 30% of t h e a m i n o a c i d s u b s t i t u t i o n s 
r e s u l t s i n a d i s p l a c e m e n t i n t h e i s o e l e c t r i c f o c u s i n g d i m e n s i o n . 
F u r t h e r m o r e , m i n o r v a r i a t i o n s i n p r o t e i n c o n c e n t r a t i o n , e . g . t h o s e 
t h a t m i g h t b e c a u s e d by d i f f e r e n c e s i n r e g u l a t o r y g e n e s i n f l u e n c i n g 
t h e s y n t h e s i s of s t r u c t u r a l g e n e p r o d u c t s , c a n n o t b e d i s c e r n e d w i t h 
c u r r e n t 2-DGE t e c h n i q u e s . T h i r d , g e n e s f o r v i r u l e n c e may n o t b e 
e x p r e s s e d i n y o u n g f e m a l e s , b u t o n l y i n t h e l a r v a l s t a g e s . S t u d y i n g 
t h e d i f f e r e n t s t a g e s of deve lopmen t may t h e r e f o r e be n e c e s s a r y . 
D e s p i t e a f o r e m e n t i o n e d p o i n t s of conce rn , 2-DGE r e m a i n s a p r o m i s i n g 
approach i n e l u c i d a t i n g t h e m o l e c u l a r p r o c e s s e s of v i r u l e n c e a n d 
r e s i s t a n c e a s w e l l a s o t h e r b a s i c m e c h a n i s m s i n v o l v e d w i t h t h e 
i n d u c t i o n a n d m a i n t e n a n c e of s y n c y t i a . T a k i n g t h e 2000 p r o t e i n s 
p roduced b y t h e t h o r o u g h l y s t u d i e d n e m a t o d e C a e n o r h a b d i t i s e l e g a n s 
(38) a s a r e f e r e n c e , we e s t i m a t e t h a t t h e 700 p r o t e i n s a n a l y z e d h e r e 
r e p r e s e n t 15 t o 30% of t h e p r o t e i n s e n c o d e d b y t h e e n t i r e G. 
r o s t o c h i e n s i s g e n o m e . P r o b a b l y , t h i s f i g u r e c a n b e i n c r e a s e d b y 
a s s a y i n g e g g s , t h e v a r i o u s l a r v a l s t a g e s and m a l e s . 
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CHAPTER V 
M o n i t o r i n g C o l o n i z i n g P r o c e s s e s o f P o t a t o C y s t Nematode 
P a t h o t y p e s i n Europe w i t h Two D i m e n s i o n a l 
Ge l E l e c t r o p h o r e s i s o f P r o t e i n s 
ABSTRACT 
Bakker, J . , a n d B o u w m a n - S m i t s , L. 1 9 8 7 . M o n i t o r i n g c o l o n i z i n g 
p r o c e s s e s of p o t a t o c y s t n e m a t o d e p a t h o t y p e s i n E u r o p e w i t h t w o 
d i m e n s i o n a l g e l e l e c t r o p h o r e s i s of p r o t e i n s . P h y t o p a t h o l o g y . . . : . . . 
The m o s a i c d i s t r i b u t i o n p a t t e r n s of t h e Globodera p a l l i d a p a t h o t y p e s 
i n E u r o p e h a m p e r a n e f f e c t i v e c o n t r o l by m e a n s of r e s i s t a n c e . T h e s e 
s p a t i a l v a r i a t i o n s i n v i r u l e n c e a r e p r e d o m i n a n t l y d e t e r m i n e d by t h r e e 
p r o c e s s e s : i ) t h e g e n e t i c s t r u c t u r e o f t h e i n i t i a l p o p u l a t i o n s 
i n t r o d u c e d from South Amer ica , i i ) random g e n e t i c d r i f t and i i i ) gene 
f low. The r e s u l t of t h e s e p r o c e s s e s was s t u d i e d w i t h two d i m e n s i o n a l 
g e l e l e c t r o p h o r e s i s (2-DGE) of t o t a l p r o t e i n e x t r a c t s f r o m young 
f e m a l e s . 2-DGE of 25 European p o p u l a t i o n s r e v e a l e d 29 v a r i a n t p r o t e i n s 
encoded by 29 a l l e l e s a t 11 l o c i . The m a j o r i t y of t h e p o p u l a t i o n s had 
w i d e l y d i f f e r e n t a l l e l e f r e q u e n c i e s a t v a r i o u s l o c i . On ly t w o 
p o p u l a t i o n s w e r e n e a r l y i d e n t i c a l . The s i m i l a r i t y d e n d r o g r a m 
c o n s t r u c t e d f rom t h e g e n e t i c d i s t a n c e s of t h e 25 p o p u l a t i o n s , w h i c h 
had n e v e r b e e n e x p o s e d t o r e s i s t a n c e i n E u r o p e , s h o w e d t h a t c u r r e n t 
p a t h o t y p e c l a s s i f i c a t i o n i s i n c a p a b l e of r e f l e c t i n g t h e g e n e t i c 
r e l a t i o n s h i p s b e t w e e n t h e G. p a l l i d a p o p u l a t i o n s . P o p u l a t i o n s 
c l a s s i f i e d a s i d e n t i c a l p a t h o t y p e s w e r e o f t e n p l a c e d i n d i s t i n c t 
g r o u p s . S ince b o t h v a r i a t i o n i n v i r u l e n c e and p r o t e i n s a r e p r e v a l e n t l y 
d e t e r m i n e d by a f o r e m e n t i o n e d p r o c e s s e s , which a f f e c t t h e v a r i a t i o n of 
t h e e n t i r e gene p o o l , t h e s i m i l a r i t i e s and d i s s i m i l a r i t i e s r e v e a l e d 
by 2-DGE w i l l a l s o b e r e f l e c t e d a t v i r u l e n c e l o c i , i n c l u d i n g t h o s e 
l o c i n o t r e v e a l e d y e t by c u r r e n t p a t h o t y p e schemes . The v a l u e of 2-DGE 
d a t a f o r a r a t i o n a l b r e e d i n g s t r a t e g y i s d i s c u s s e d . 
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INTRODUCTION 
The growth of resistant potato cultivars is in potential an 
effective means in the control of Globodera rostochiensis (Woll.) 
Skarbilovich and G. pallida Stone, because selection towards alleles 
for virulence is rather slow (18,19,20,43). However, in Europe a wide 
application of resistance, which is mediated by pathotype specific 
genes (24), is hampered by the presence of populations having already 
high numbers of virulent individuals for various sources of resistance 
(15). Knowledge of the virulence characteristics of the populations in 
an area is therefore a prerequisite for an effective introduction of 
new resistant cultivars. However, testing the various wild Solanum 
species and their progeny on suitable resistance is laborious and 
expensive. An additional drawback is that so far no proper monogenic 
resistance is available against Gj_ pallida and breeders try to 
accumulate an array of genes in commercial cultivars in order to 
obtain resistance effective against a large part of the European 
populations. Because the number and nature of the genes involved is 
unclear (13,16,37,38), the progeny of each cross has to be tested 
against a large number of populations. At present the number of 
populations tested is arbitrary and depends mainly on the screening 
capacity. Evidently, knowledge of the genealogical relationships 
between potato cyst nematode populations, and a better understanding 
of the nature and extent of the processes conferring interpopulation 
variation in virulence will improve the efficiency of breeding for 
resistance. 
It is hypothesized that the allele frequencies for virulence in 
populations, which have never been exposed to corresponding genes for 
resistance in Europe, are predominantly the result of three 
processes. First, the mosaic distribution patterns of the eight 
pathotypes presently known in Europe (24), five within G. 
rostochiensis (Ro-^ -Rog) and three within G. pallida (Pa^Pa-^), may in 
part be explained by the genetic structure of the initial populations 
introduced from the Andean region, their presumed origin, or from 
elsewhere in South America. Native populations from different 
localities are often discriminated at various virulence loci (6) and 
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the spatial variations observed in Europe are probably in part 
generated by the introduction of primary founders having distinct 
provenances. Second, the numerous secondary founding events, e.g. by 
few cysts adhering to seed tubers, by which Europe has been colonized 
have offered ample opportunity for random genetic drift to operate. 
Changes in allele frequencies between generations are also likely to 
occur when populations are nearly eradicated, e.g. due to the 
infrequent growth of potatoes and the use of nematicides. Third, 
despite their poor dispersal abilities, gene flow can probably not be 
neglected. Indirect evidence that gene flow is not rare comes from the 
observation that G^ rostochiensis and G^ pallida, which have probably 
been introduced independently (8), often occur in mixture (23). 
Although no direct evidence is available, it seems justified to 
assume that selection caused by adaptation to local environmental 
conditions is of minor importance in explaining the mosaic 
distribution patterns of the pathotypes. An argument against a strong 
selection of any type is, that it is too large a genetic load on its 
spread and survival. Potato cyst nematodes produce only one generation 
in a growing season and in a normal crop rotation the time between 
generations ranges from two to five years. The maximum multiplication 
factor is on the average 25 (31). These considerations also suggest 
that the contribution of mutation is irrelevant. Mutation, by itself, 
is a slow process and time expired between the arrival of the first 
founders, probably after 1850 (17), is too short for newly arisen 
mutants to have changed the allele frequencies noticeably. 
In this study we investigated whether the diversity of the potato 
cyst nematodes is also reflected in variation other than virulence. A 
standard research tool to resolve genetic variation is electrophoresis 
of crude cell extracts followed by general protein or specific enzyme 
stains. Similar to the differentiation at virulence loci we may expect 
that the native populations have also diverged at other loci and that 
the common and distinct provenances of the initial populations are 
also reflected in protein variation revealed by electrophoresis. 
In this report we proceed from the neutral theory of molecular 
evolution (21). At present sufficient molecular data are available to 
support the hypothesis that selection is of minor interest in 
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explaining intraspecific variation or at least selection is too weak 
to be important in this context (21). This implies that in the absence 
of the resistant host, both variation in virulence and proteins in the 
European potato cyst nematode populations are prevalently determined 
by the genotypes of the primary founders, random genetic drift and 
gene flow. Since these processes influence the whole gene pool of a 
population, elec trophor et ic data are also informative for 
interpopulation variation at virulence loci, including those not 
revealed yet by current pathotype schemes. 
In previous work potato cyst nematode populations have been studied 
with disc electrophoresis (10,14,32,42), isoelectric focusing (9,30), 
Immunoelectrophoresis (44) and two dimensional gel electrophoresis (2-
DGE) combined with a coomassie brilliant blue stain (40). However, the 
number of intraspecific variants resolved was too limited for a proper 
assessment of the genetic relationships. 
Herein we applied 2-DGE (29) followed by a sensitive silver stain 
(28), which allows the examination of several hundreds of gene 
products from crude nematode homogenates (2,3,4). Samples of 25 G. 
pallida populations were obtained from various locations in Europe 
before the relevant resistant cultivars were extensively grown and 
classified according the international pathotype scheme. The 
possibilities and perspectives for characterizing potato cyst nematode 
populations on a large scale are discussed. 
MATERIALS AND METHODS 
Samples of t h e G^ p a l l i d a p o p u l a t i o n s l i s t e d i n Table 1 were 
obtained from: t h e P l a n t P r o t e c t i o n S e r v i c e , Wageningen, t h e 
Netherlands ( p o p u l a t i o n no. 1 ,3 ,4 ,5 ,6 ,7 ,8 ,9 ,10 ,24 ,25) ; Foundation for 
Agr icu l tu ra l P l a n t Breeding (SVP), W a g e n i n g e n , t h e N e t h e r l a n d s 
(population no. 11,12,15,16,17,18, 19,20,21) ; Hilbrands Laboratorium, 
Assen, the Netherlands (population no. 13) ; Department of Nematology, 
Muenster, F e d e r a l R e p u b l i c of Germany ( p o p u l a t i o n no . 22 ,23) ; 
Department of Nematology, Rothamsted Experimental S ta t ion , Harpenden, 
England (population no. 2,14). The o r i g i n a l samples (> 100 cys ts ) 
were o b t a i n e d from h e a v i l y i n f e s t e d s p o t s i n t h e f i e l d . The 
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popula t ions had n o t o r a t l e a s t n o t s i g n i f i c a n t l y been exposed i n 
Europe t o p o t a t o c u l t i v a r s w i t h genes fo r r e s i s t a n c e p r e s e n t in 
Solanum v e r n e i h y b r i d 62.33.3 . P o p u l a t i o n s were m a i n t a i n e d i n t h e 
greenhouse on c u l t i v a r s suscep t ib l e t o a l l pathotypes . 
The v i ru lence c h a r a c t e r i s t i c s of the popula t ions were es t imated by 
measuring the reproduct ion on pota toes grown in p o t s . Mul t ip l i ca t ion 
fac to r s of populat ion no. 1,3,4,5,6,7,8,9 and 10 were supplied by I r . 
C. M i l l e r and Ing. J . Bakker, P l a n t P r o t e c t i o n S e r v i c e , and of 
populat ion no. 11 ,12 ,15 ,16 ,17 ,18 ,19 ,20 and 21 by Ing. J.H. Vinke, 
Foundation for Agr icu l tu ra l Plant Breeding. The a b i l i t y of populat ion 
no. 1 3 , 2 2 , 2 4 and 25 t o o v e r c o m e r e s i s t a n c e was d e t e r m i n e d by 
inocula t ing second s t a g e l a r v a e on r o o t s of s p r o u t s grown on w a t e r 
agar i n P e t r i d i s h e s (27). The numbers of c y s t s o r f e m a l e s produced 
on S. v e r n e i h y b r i d 62.33.3 were e x p r e s s e d as a p e r c e n t a g e of t h o s e 
developed on a general suscep t ib le (Table 1) and used as an ind ica t ion 
for the number of v i r u l e n t genotypes. 
Total p ro t e in samples of adu l t females (2), second stage la rvae (3) 
and f o u r t h s t a g e female l a r v a e (3) were p r e p a r e d a s d e s c r i b e d . T o t a l 
p ro t e in e x t r a c t s from a d u l t males were made as f o l l o w s . P o t a t o 
c u l t i v a r Eigenheimer was inocula ted with approximately 200 cys t s and 
a f t e r 35 d a y s t h e a d u l t m a l e s w e r e r e c o v e r e d from t h e s o i l . 
Approximately 1200 a d u l t males were handpicked under a d i s s e c t i n g 
microscope and homogenized in a small mortar in 60 pi 10 mM tris-HCL, 
pH 7.4, 5% (v/v) 2-mercaptoethanol and sa tu ra t ed with 64 mg urea, and 
s tored a t -80 C u n t i l u s e . 
As a s t a n d a r d 35 pg p r o t e i n was u s e d f o r e l e c t r o p h o r e s i s . 
I s o e l e c t r i c f ocus ing u s i n g ampho l ines pH range 5-7 , sodium dodecyl 
su l f a t e e l ec t rophores i s in 12% acrylamide and s t a i n i n g (3) was done 
by p r o c e s s i n g e i g h t samples s i m u l t a n e o u s l y . Reference s e r i e s fo r 
es t imat ing r e l a t i v e p ro t e in q u a n t i t i e s were prepared by processing 16 
samples a t a t i m e . M o l e c u l a r w e i g h t and i s o e l e c t r i c p o i n t 
determinat ions were as descr ibed (2). 
Prote in p r o f i l e s were e v a l u a t e d v i s u a l l y by supe r impos ing t h e 
o r i g i n a l g e l s on a bench v i e w e r . A t o t a l of 224 p r o t e i n p a t t e r n s was 
analyzed. The minimum number of r e p l i c a t e s p e r o b j e c t was two . 
Population no. 1,3,4,13,14,22,24 and 25 (Table 1) were s tudied for two 
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o r m o r e s u b s e q u e n t g e n e r a t i o n s . No c o n s i s t e n t d i f f e r e n c e s w e r e 
o b s e r v e d b e t w e e n d i f f e r e n t g e n e r a t i o n s of t h e same p o p u l a t i o n . 
The s i m i l a r i t y d e n d r o g r a m was c o n s t r u c t e d f o l l o w i n g t h e UPGMA 
method (39) w i t h t h e a s s i s t a n c e a n d c o m p u t e r f a c i l i t i e s of I r . T. 
Heyerman, Depar tment of Entomology, Wageningen, t h e N e t h e r l a n d s . 
RESULTS 
The g e n e t i c d i f f e r e n t i a t i o n of t h e 25 G^ p a l l i d a p o p u l a t i o n s (Table 
1) was i n v e s t i g a t e d w i t h two d i m e n s i o n a l g e l e l e c t r o p h o r e s i s (2-DGE) 
of t o t a l p r o t e i n e x t r a c t s f r o m a d u l t f e m a l e s . 2-DGE p a t t e r n s 
r e p r e s e n t i n g t h e p r o t e i n c o m p o s i t i o n of 100 i n d i v i d u a l s a r e shown i n 
F i g . 1 . 
Comparison of t h e 25 p o p u l a t i o n s r e v e a l e d 29 v a r i a n t p r o t e i n s p o t s 
which seem t o b e t h e r e s u l t of amino a c i d s u b s t i t u t i o n s t h a t a l t e r t h e 
n e t c h a r g e ( I P - v a r i a n t s ) . The c o r r e s p o n d i n g I P - v a r i a n t s had t h e 
t y p i c a l c h a r a c t e r i s t i c s o f p r o t e i n s e n c o d e d by a l l e l e s a t t h e same 
l o c u s ( 2 ) . The 29 I P - v a r i a n t s w e r e t r e a t e d a s t h e p r o d u c t s o f 29 
a l l e l e s a t 11 l o c i . The I P - v a r i a n t s a r e a s s i g n e d w i t h a c a p i t a l 
r e f e r r i n g t o t h e l o c u s a n d a n u m b e r r e f e r r i n g t o t h e a l l e l e ( 2 ) . The 
c o r r e s p o n d i n g I P - v a r i a n t s h a d a m o d e r a t e d i f f e r e n c e i n i s o e l e c t r i c 
p o i n t , s i m i l a r m o l e c u l a r w e i g h t , same c o l o r and seem t o be p roduced i n 
abou t e q u a l q u a n t i t i e s p e r h a p l o i d s e t o f c h r o m o s o m e s w i t h i n e a c h 
i n d i v i d u a l ( F i g . 1, F i g . 2, T a b l e 1 ) . At l o c i B, H a n d I t h e a l l e l e 
p r o d u c t s d i s p l a y e d m i n o r d i f f e r e n c e s i n m o l e c u l a r w e i g h t . Such 
d i s s i m i l a r i t i e s i n a p p a r e n t m o l e c u l a r w e i g h t have been r e p o r t e d b e f o r e 
be tween c o r r e s p o n d i n g a l l e l e p r o d u c t s a n d may b e t h e r e s u l t of 
d e l e t i o n s o r a d d i t i o n s of a s t r e t c h of a m i n o a c i d s , b u t s i n g l e n e t 
c h a r g e c h a n g i n g s u b s t i t u t i o n s m a y b e i n v o l v e d a s w e l l ( 3 6 ) . S e v e r a l 
more I P - v a r i a n t s , m o s t l y minor p r o t e i n s p o t s , we re d e t e c t e d among t h e 
a p p r o x i m a t e 350 p r o t e i n s r e s o l v e d on t h e o r i g i n a l p a t t e r n s , b u t o n l y 
t h o s e w e r e i n c l u d e d w h i c h a l l o w e d a p r o p e r q u a n t i f i c a t i o n of t h e i r 
a l l e l e f r e q u e n c i e s . 
The r e m a i n i n g v a r i a n t p r o t e i n s p o t s w e r e d e s i g n a t e d a s 
n o n i s o e l e c t r i c p o i n t v a r i a n t s ( N I P - v a r i a n t s ) ( 2 ) . E x a m p l e s of N I P -
v a r i a n t s a r e shown i n F i g . 1. C o m p a r i s o n of a l l p o p u l a t i o n s r e v e a l e d 
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a total of 44 major NIP-variants. Variants having the characteristics 
of IP-variants in a number of pairwise comparisons, but of which the 
corresponding allele products could not be traced in all populations 
studied were also designated as NIP-variants. Preliminary analysis of 
the 44 NIP-variants showed that they support the major affinities 
between the 25 populations based on the IP-variants. For reasons of 
conciseness the NIP-variants are not included in this report. 
The ratios between the protein quantities of the corresponding IP-
variants were used as a measure for their allele frequencies (Fig. 2), 
and were estimated as follows. In case only one of the corresponding 
IP-variants could be detected in a population after electrophoresing 
35 pg total protein, the protein quantity of this IP-variant was given 
a relative value of 1.0. For each locus one such a monomorphic 
population was chosen and used to make a reference series by 
electrophoresing protein quantities of 0.875 pg; 1.75 pg; 3.5 pg; 5.25 
pg; 7.00 pg and so on in steps of 3.5 pg up to 45.5 pg. Hence these 
quantities correspond with relative values of 0.025; 0.05; 0.10; 0.15 
et cetera. In populations with two or more corresponding IP-variants 
the protein quantities were evaluated visually by comparing the spot 
size and intensity with those of the reference series. If no clear cut 
decision could be made, e.g. whether the relative protein quantity was 
closer to 0.1 or 0.2 the IP-variant was given an intermediate value of 
0.15. The hence obtained relative values were used to calculate the 
ratios, which were used as a measure for the allele frequencies. The 
ratios were estimated by electrophoresing a minimum of two protein 
samples from each population. Each replicate was evaluated twice. The 
average ratios and their standard deviations are listed in Table 1. 
The detection limits of the IP-variants were estimated from the 
reference series. 
Ideally the sums of the relative values of the protein quantities of 
the corresponding IP-variants should equal 1.0. However, in this study 
the sums of the relative values usually ranged from 0.8 to 1.2 for 
loci B, E, F, H, I and J, and from 0.7 to 1.3 for loci A, C, D, G and 
K. These deviations from 1.0 were mainly caused by variations between 
independent experiments. 
Despite these difficulties, measuring the proportion of protein 
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quantities of the corresponding IP-variants seems a valid approach to 
estimate the allele frequencies. When populations were electrophoresed 
and stained simultaneously in parallel experiments, deviations between 
the sums of the relative values for a given locus were small. 
Deviations between the highest and lowest values of the sums were 
usually less than 0.2 for loci B, E, F, H, I and J, and less than 0.3 
for loci A, C, D, G, and K. Moreover, repeated electrophoresis and 
staining of population no. 3, 4, 13, 14, 22, 23, 24 and 25 in parallel 
experiments revealed no consistent differences between the sums of the 
relative values of any given locus, indicating that we are dealing 
with codominant alleles of which the products are synthesized in 
similar amounts. 
The similarity dendrogram (Fig. 3) was constructed from a distance 
matrix following the UPGMA method (39). Genetic distances were 
obtained by interpreting the ratios between the protein quantities of 
the 11 IP-variant loci as allele frequencies. Distances were computed 
according Rogers (35). The distances between population no. 2 and the 
other populations were based on 10 loci, because no allele product 
of locus K could be traced in population no. 2 (Table 1). The distance 
matrix is available from the senior author upon request. 
In order to define the 11 IP-variant loci as well as possible, we 
investigated also other developmental stages than adult females. A 
detailed study of population no. 13 showed, that the majority of the 
IP-variant encoding alleles were also expressed in adult males, 
fourth stage female larvae and second stage larvae (Table 1). 
Inspection of Table 1 demonstrates, that at locus F only one allele 
(Fo) could be traced in adult males and second stage larvae, whereas 
three alleles (Fpl^ and F-,) were present in adult females and fourth 
stage female larvae. The alleles F-, and F2, which both have a 
frequency of 0.2 in adult females, are probably also expressed in 
adult males and second stage larvae, but the protein quantities 
produced by the genes at locus F in those stages are too low to 
detect such low allele frequencies. In case all corresponding IP-
variants were detected, the ratios between the protein quantities in 
those stages were similar to those in adult females (Table 1). 
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Table 1. Ratios between protein quantities produced by IP-variant 
presumptive loci in adult females of 25 G^ pallida populations' 
encoding 
) 
alleles at 11 
Pathotype, collection location and code b) 
Number of 
females on 
S. v e m e i 


























Glarryford, Northern Ireland, 1337 10.4(2.5) 0 23(10) 77(10) 0 
Portglenone, Northern Ireland, PORT - 100 0 0 0 
Smilde, the Netherlands, D-234 2.8(0.5) 0 0 80(5) 20(5) 
Anlo, the Netherlands, D-236 2.5(0.4) 0 0 80(3) 20(3) 
Emtnen, the Netherlands, D-264 0.8(0.7) 0 0 100 0 
Vriezeveen, the Netherlands, D-275 4.3(1.6) 0 0 100 0 
Averest, the Netherlands, D-276 1.4(0.5) 0 25(5) 75(5) 0 
Hardenberg, the Netherlands, D-286 0.9(0.3) 0 20(4) 58(10) 21(5) 
Oosterhesselen, the Netherlands, D-287 0.8(0.4) 0 25(6) 64(6) 12(6) 
Ommen, the Netherlands, D-301 0.6(0.4) 0 0 100 0 
? , the Netherlands, 1095 1.6(0.5) 0 0 100 0 
Coevorden, the Netherlands, P-2-22 0.7(0.2) 0 0 100 0 
Veendam, the Netherlands, HPL-1 1.5(0.5) 0 50(5) 50(5) 0 
New Leake, Great Brittain, ST 3.3(2.1) 0 18(4) 68(6) 15(7) 
Valthe, the Netherlands, ROOK 36.7(23.8) 0 16(6) 84(6) 0 
Gasselte.the Netherlands,A-75-250-39 31.5(21.6) 0 0 100 0 
Anjum, the Netherlands, 1077 6.5(1.9) 0 82(5) 18(5) 0 
Westerbork, the Netherlands, 1112 11.8(5.6) 0 21(6) 79(6) 0 
Sleen, the Netherlands, 74-768-20 49.4(31.8) 0 13(6) 71(2) 16(4) 
Vriezeveen, the Netherlands, 75-884-4 10.4(4.3) 0 0 100 0 
Hardenberg, the Netherlands, 1097 16.3(6.3) 0 16(2) 70(1) 13(1) 
Frenswegen, Federal Republic of Germany, FR 5.7(0.6) 0 0 88(7) 12(7) 
? , Austria, RU 47.9(10.8) 0 0 93(10) 7(10) 
Far Oer, Denmark, E-1215 9.3(0.7) 0 64(5) 36(5) 0 





13 adult males8-' 
13 fourth stage female larvae 







0 33(6) 35(7) 0 
0 52(8) 58(7) 0 
0 81(8) 88(10) 0 
a
^ The ratios and the standard deviations (in parenthesis) were obtained as described in the 
text. The loci and alleles of the IP-variants are indicated with capitals and numbers, 
respectively. 
As designated in the original collections. 
females expressed as a percentage of those developed on a generally susceptible 
b) 
c


























































































































































































































































































































































 Molecular masses in kilodaltons. 
* Reddish brown (r.b.)» red (r.)» grey (g.)» blackish brown (b.b.)« 
^' Relative protein quantities (xlO ) estimated from the reference series (see text). 
Table 1. continued 





















Glarryford, Northern Ireland, 1337 0 100 26(1) 14(7) 60(7) 
Portglenone, Northern Ireland, PORT 100 0 0 0 100 
Smilde, the Netherlands, D-234 0 100 51(2) 0 49(2) 
Anlo, the Netherlands, D-236 0 100 52(6) 0 48(6) 
Enmen, the Netherlands, D-264 0 100 63(5) 0 37(5) 
Vriezeveen, the Netherlands, D-275 0 100 80(8) 0 20(8) 
Averest, the Netherlands, D-276 0 100 31(3) 31(3) 38(6) 
Hardenberg, the Netherlands, D-286 0 100 51(2) 0 49(2) 
Oosterhesselen, the Netherlands, D-287 0 100 60(6) 0 40(6) 
Oilmen, the Netherlands, D-301 0 100 44(8) 0 56(8) 
? , the Netherlands, 1095 0 100 40(5) 0 60(5) 
Coevorden, the Netherlands, P-2-22 0 100 33(4) 0 67(4) 
Veendam, the Netherlands, HPL-1 0 100 50(3) 50(3) 0 
New Leake, Great Brittain, ST 0 100 40(5) 0 60(5) 
Valthe, the Netherlands, ROOK 0 100 42(2) 0 58(2) 
Gasselte.the Netherlands,A-75-250-39 0 100 49(8) 0 51(8) 
Anjum, the Netherlands, 1077 0 100 48(4) 52(4) 0 
Westerbork, the Netherlands, 1112 0 100 52(2) 48(2) 0 
Sleen, the Netherlands, 74-768-20 0 100 61(12) 0 39(12) 
Vriezeveen, the Netherlands, 75-884-4 0 100 35(7) 0 65(7) 
Hardenberg, the Netherlands, 1097 0 100 59(2) 0 41(2) 
Frenswegen, Federal Republic of Germany, FR 0 100 59(11) 22(5) 19(6) 
? , Austria, RU 0 100 19(5) 63(8) 18(4) 
Far Oer, Denmark, E-1215 0 100 57(1) 15(2) 28(3) 

















13 adult males^' 
13 fourth stage female larvae**' 
13 second stage larvae^' 
0 66(14) 0 0 0 
0 91(13) 31(8) 28(8) 0 
0 68(9) 0 0 0 
' As designated in the original collections. 
' No allele product of locus K could be traced in population no. 2. 
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10(3) 0 25(7) 8(3) 0 
23(12) 0 42(4) 13(3) 0 
104(19) 0 47(9) 14(5) 0 
0 23(5) 20(7) 0 
0 36(8) 23(6) 0 
0 26(5) 20(7) 0 
f) Reddish brown (r.b.), red (r.), grey (g.), blackish brown (b.b.). 
e) 2 
BJ
 Relative protein quantities (xlO ) estimated from the reference series (see t ex t ) . 
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DISCUSSION 
The 2-DGE procedure ou t l ined here has severa l de s i r ab l e fea tures in 
cha rac t e r i z ing n e m a t o d e p o p u l a t i o n s when compared w i t h o t h e r 
e l e c t r o p h o r e t i c t e c h n i q u e s . F i r s t , c o m p a r e d w i t h e n z y m e 
e l e c t r o p h o r e s i s , a s t a n d a r d r e s e a r c h t o o l fo r many o r g a n i s m s , t h e 
number of l o c i a s sayed w i t h 2-DGE i s an o r d e r of a magni tude h i g h e r 
r e s u l t i n g i n an i n c r e a s e d number of v a r i a n t s . For i n s t a n c e , 
i s o e l e c t r i c focus ing of 23 enzymes of t h e G. p a l l i d a p a t h o t y p e s Pan , 
Pa2 and Pa3 r e v e a l e d on ly two l o c i m a n i f e s t i n g i n t e r p o p u l a t i o n 
v a r i a t i o n (9). Second, t h e methodology a p p l i e d i n t h i s r e p o r t fo r 
es t imat ing a l l e l e frequencies a t polymorphic l oc i i s e f f i c i e n t . 2-DGE 
p a t t e r n s w e r e made by e l e c t r o p h o r e s i n g a h o m o g e n a t e of 100 
ind iv idua l s and the r a t i o between the p ro t e in q u a n t i t i e s produced by 
the a l l e l e s a t a g iven l o c u s was used as a measure fo r t h e a l l e l e 
f requencies . Inherent t o the s t a in ing techniques , such an approach i s 
t echniqua l ly f a r more d i f f i c u l t i n case of enzyme e l e c t r o p h o r e s i s . 
Al le le f requency d a t a of enzymes, b u t a l s o in t h e r a r e c a s e s t h a t 2-
DGE h a s been a p p l i e d fo r a l l e l e f requency e s t i m a t e s (5 ,34) , a r e i n 
general c o l l e c t e d by e l e c t r o p h o r e s i n g i n d i v i d u a l s s e p a r a t e l y . 
Analysing s i n g l e p l a n t p a r a s i t i c nematodes i s on ly p o s s i b l e by 
micromethods (7,33), and even than only f eas ib l e for a l imi t ed number 
of nematode species having adu l t s with a large s i ze e.g. Meloidogyne 
spp . , l i t e r o d e r a s p p . a n d G l o b o d e r a s p p . B e s i d e s t h a t , 
microe lec t rophores is o f t e n r e s u l t s i n l o s s of r e s o l u t i o n . I t i s 
evident t h a t e lec t rophores ing severa l tens of ind iv idua l s in order t o 
es t imate t h e a l l e l e f r e q u e n c i e s a t a s i n g l e enzyme l o c u s i s t o o 
labor ious for c h a r a c t e r i z i n g a l a r g e number of p o t a t o c y s t nematode 
popu la t ions . 
Although t h e methodology d e s c r i b e d h e r e accommodates t h e scope of 
t h i s s t u d y , i t h a s s e v e r a l d r a w b a c k s when compared w i t h 
e lec t rophores ing s ing le i nd iv idua l s . F i r s t , although v a r i a t i o n s due t o 
sample s i z e s (100 i n d i v i d u a l s ) a r e min ima l , t h e r e i s c o n s i d e r a b l e 
v a r i a t i o n g e n e r a t e d by t h e e x p e r i m e n t a l p r o c e d u r e . For f u r t h e r 
research i t may w o r t h w i l e t o i m p r o v e t h e s y s t e m by a h i g h e r 
s t andard iza t ion of the s i l v e r s t a i n i n g procedure and by switching t o a 
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computerized quan t i f i c a t i on of the p ro t e in s as developed in biomedical 
research (25). Second, a l l e l e s p roduc ing l i m i t e d amounts of p r o t e i n 
are no t d e t e c t e d when p r e s e n t i n low f r e q u e n c i e s (e .g. l o c i A, D)(2). 
Third, compar ison of t h e 2-DGE p r o t e i n p a t t e r n s r e v e a l s on ly t h o s e 
va r i an t s e x h i b i t i n g i n t e r p o p u l a t i o n v a r i a t i o n . T h e r e f o r e , 
in t rapopula t ion v a r i a t i o n i s no t r e v e a l e d in c a s e a l l p o p u l a t i o n s 
compared have about equal a l l e l e frequencies. Fourth, e lec t rophores ing 
s ingle i n d i v i d u a l s p r o v i d e s more i n s i g h t i n t h e g e n e t i c s of t h e I P -
v a r i a n t s , wh ich d i m i n i s h e s t h e c h a n c e on i n c o r r e c t g e n e t i c 
i n t e r p r e t a t i o n s . 
Evidently the re are various ways t o cons t ruc t s i m i l a r i t y dendrograms 
from 2-DGE p a t t e r n s and for f u t u r e r e s e a r c h i t w i l l be w o r t h w i l e t o 
compare d i f f e r e n t types of data a c q u i s i t i o n and data manipulation in 
es t imat ing a f f i n i t i e s be tween p o p u l a t i o n s , e.g. by i n c l u d i n g NIP-
va r i an t s a s w e l l . Dec i s ive a rguments fo r t h e approach o u t l i n e d h e r e 
are t h a t gene t ic d i s t ance formulas involving a l l e l e frequencies can be 
appl ied and t h a t e s t ima t ing the r a t i o s between the p ro t e in q u a n t i t i e s 
of p u t a t i v e corresponding a l l e l e products d iminishes the experimental 
v a r i a t i o n . Repl icate experiments showed t h a t the corresponding a l l e l e 
products on a s i n g l e p a t t e r n were a lways n e a r l y p r o p o r t i o n a l l y 
affected by v a r i a t i o n s in the experimental procedure. Obviously, our 
approach h a r b o r s c e r t a i n r i s k s w i t h r e g a r d t o t h e c o r r e c t n e s s of t h e 
genet ic background of a l l v a r i a n t p r o t e i n s p o t s . However, p o s s i b l e 
m i s i n t e r p r e t a t i o n s of the gene t i c s of a few v a r i a n t s w i l l probably not 
s i g n i f i c a n t l y a f fec t the e s t ima tes of the ac tua l s i m i l a r i t i e s between 
the p o p u l a t i o n s . 
Pathotypes The major i ty of the IP -va r i an t s recorded here , and may be 
a l l , are probably not r e l a t e d t o v i ru lence . I n t r a s p e c i f i c v a r i a t i o n in 
abundant p r o t e i n s r e v e a l e d by 2-DGE i s a common f e a t u r e and h a s been 
repor ted fo r v a r i o u s o rgan i sms such as f r u i t f l i e s (5) , r o d e n t s 
(1,22,34) and man (26,36) . P l a n t p a r a s i t i c fungi have a l s o been 
s tudied wi th 2-DGE (12,41), and i t was demonstrated t h a t the major i ty 
of t h e v a r i a n t s was not a s s o c i a t e d w i t h a l l e l e s fo r v i r u l e n c e and 
av i ru lence . In t h i s r e s e a r c h a l s o none of t h e I P - v a r i a n t s cou ld be 
co r re l a t ed with the a b i l i t y t o overcome r e s i s t a n c e in Solanum vernei 
hybrid 62.33.3 . However, i t i s no ted t h a t a p r o p e r i n t e r p r e t a t i o n i s 
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hampered, because, among others, the number and nature of the genes 
involved with resistance and virulence are unknown. 
Until now intraspecific variation of G^ rostochiensis and Gj_ pallida 
has most extensively been studied by measuring the ability to overcome 
genes for resistance. These surveys have resulted in an international 
scheme for the identification and classification of potato cyst 
nematode populations (24). However, current pathotype classification 
is incapable of reflecting the genetic diversity among European 
potato cyst nematode populations. First, the number of differentials 
used is too limited. For example, the three G^ pallida pathotypes are 
discriminated by only two differentials and additional test clones 
have already differentiated populations classified as the same 
pathotypes (11). Second, populations are designated as virulent or 
avirulent for a certain differential if the multiplication factor is > 
1 or _<1, respectively (24). However, in compatible combinations the 
multiplication factors may range from 1 to 70 (24), indicating that 
the numbers of virulent genotypes may vary considerably among 
populations classified as identical pathotypes. In addition it is 
noted that an unambiguous classification is hampered by a variable 
expression of the nematode and host genotypes. 
In view of this classification it is not surprising that populations 
of the same pathotype are often discriminated at various IP-variant 
loci and that genetic distances within pathotypes are not necessarily 
smaller than between pathotypes. 
Primary founders, random genetic drift and gene flow. The protein 
variation between the 25 G. pallida populations is probably in part 
generated by the various unknown provenances of the primary founders, 
resulting in the founding of initial populations having distinct 
genetic structures. Evidently, it is not possible to estimate the 
number of different introductions involved with the 25 G. pallida 
populations, because the share of random genetic drift and gene flow 
cannot be recovered. Many descendants of the initial populations have 
probably diverged by random genetic drift due to reductions in 
population sizes caused by secondary founding events and control 
measures. In such cases there is also a fair chance that alleles are 
lost or fixed. Nevertheless, it seems that population sizes in the 
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past were sufficiently large to maintain genetic polymorphisms at 
several loci. Scrutiny of the 11 IP-variant loci listed in Table 1 
shows, that the number of polymorphic loci ranges from two to nine 
with an average of 5.5 polymorphic loci per population. Of course, 
polymorphic loci can also be the result of immigration. Inherent to 
their passive ways of spread, gene flow will depend on factors such 
as, soil transported by seed tubers, machineries and wind. However, it 
is evident that the extent of these events is limited, because a 
uniform distribution of the IP-variants over a large area was not 
observed. The Dutch populations were collected in a relatively small 
area and were often discriminated from one another by various 
qualitative differences (Table 1 and Fig. 3). 
Although there have undoubtedly been various cases in which the 
effect of random genetic drift and gene flow has been significant, our 
data provide evidence that there are on the other hand also situations 
in which the genetic structure can be preserved during many years. The 
nearly identical Dutch populations no. 3 and no. 4 have hardly 
diverged by gene flow and random genetic drift during the time they 
have been geographically separated. In theory these populations can be 
the descendants of parallel or sequential introductions from the same 
population in South America and have retained the genetic structure of 
the native ancestor population ever since. More likely is that those 
populations have separated somewhere in the Netherlands. Chance is 
small that those populations are not closely related by descent. 
Inherent to the way of spread, the number of successful primary 
founding events has been limited and numerous populations have common 
ancestors in Europe. Several others among the 25 populations may 
also have diverged somewhere in Europe; population no. 11 and no. 12; 
population no. 15 and no. 16; population no. 1 and no. 25. These 
populations are not identical, but share the majority of their 
alleles. 
Breeding for resistance The hypothesis that in Europe the genetic 
differentiation at IP-variant and virulence loci is mainly caused by 
non-selective forces, implies that 2-DGE data are valuable indicators 
for interpopulation variation in virulence. In case populations have 
large genetic distances at IP-variant loci, there is a fair chance 
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that they behave differently towards various genes for resistance, 
e.g. because their native ancestors have differentially been exposed 
to genes for resistance. For instance, population no. 4 and no. 5 
(Fig. 3), both classified as Pa2 in the current pathotype scheme, may 
be discriminated in distinct pathotypes by supplementary genes for 
resistance. Populations that are identical or nearly so, e.g. 
population no. 3 and no. 4 (Fig. 3), will show resemblance at all 
virulence loci. Populations having relatively small genetic distances, 
e.g. population no. 11 and 12 (Fig. 3), have probably also small 
genetic distances at their virulence loci. Despite the arbitrary way 
populations are classified in the current pathotype scheme, the 
feasibility of the approach advocated here is supported by the 
virulence data. All populations linked at a distance less than 0.1 in 
the similarity dendrogram were classified as identical pathotypes and 
at a distance less than 0.15 nine out of the 13 populations were 
classified as identical. 
2-DGE can be a valuable adjunctive tool for breeders, because data 
on the diversity present in an area are indispensible for a successful 
control by means of resistance. Once an area is investigated by 2-DGE 
of a substantial number of populations, the affinities can be used as 
a guidance for a representative survey in order to estimate the 
proportion of virulent and avirulent populations for any source of 
resistance to be tested. Representatives of each group should be 
included. How to delineate groups in such a way that they represent 
useful entities, i.e. a manageable number of groups with an acceptable 
interpopulation variation in virulence, needs further investigation. 
Finally, although we proceeded from stochastic processes in 
explaining the spatial variation in allele frequencies, we do not 
exclude other mechanisms. However, in case additional genetic 
mechanisms are operating, e.g. balanced polymorphisms or selection due 
to environmental conditions, it is very unlikely that such processes 
are strong enough and act on sufficient loci to impair the value of 
2-DGE data for a rational breeding strategy. 
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CHAPTER VI 
Spatial Variations in Proteins coinciding with the Colonization 
of Europe by Potato Cyst Nematode Pathotypes 
ABSTRACT 
Two dimensional gel electrophoresis (2-DGE) of total protein 
extracts from 18 Globodera rostochiensis populations demonstrated 
that the genetic diversity introduced into the United Kingdom has been 
relatively low. The maximum number of qualitative protein differences 
observed among populations from the United Kingdom was only 2, whereas 
this figure was 16 and 17 for the Netherlands and the Federal Republic 
of Germany, respectively. These data corroborate the observation, 
that Roi is the sole G^ rostochiensis pathotype found in the United 
Kingdom, while several Dutch (Ro-^ , Rc>2» R03 and R04) and German 
pathotypes (Rolf R02, R05) are known. Furthermore, populations of the 
same pathotype were more similar to each other than to populations 
classified as distinct pathotypes, as was established by constructing 
a similarity dendrogram from a distance matrix. The coincidence 
between 2-DGE and virulence data can be explained by the fact that the 
populations studied here had not been exposed to resistance in 
Europe. In this situation both interpopulation variations in virulence 
and proteins are predominantly determined by the histories of the 
populations with regard to origin in South America and the occurrence 
of random genetic drift and gene flow in Europe. Because these three 
processes affect the entire gene pool of a population, similarities 
revealed by 2-DGE are also reflected at virulence loci. 
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INTRODUCTION 
The i n t i m a t e a s s o c i a t i o n b e t w e e n p o t a t o c y s t n e m a t o d e s a n d t h e i r 
s o l a n a c e o u s h o s t s i n t h e Andean r e g i o n , t h e i r c e n t r e o f o r i g i n , h a s 
r e s u l t e d i n an a r r a y of genes f o r v i r u l e n c e and r e s i s t a n c e , which may 
i n v a r i o u s c a s e s o p e r a t e on t h e b a s i s of a gene f o r gene r e l a t i o n s h i p 
( 1 1 , 2 1 ) . Compar ison of t h e v i r u l e n c e s p e c t r a of p o t a t o c y s t nematode 
p o p u l a t i o n s f r o m E u r o p e a n d t h e Andean r e g i o n i n d i c a t e d t h a t o n l y a 
l i m i t e d p a r t of t h e n a t i v e d i v e r s i t y h a s b e e n i n t r o d u c e d i n t o E u r o p e 
( 6 ) . N e v e r t h e l e s s , t h e i n t r a s p e c i f i c v a r i a t i o n o f G l o b o d e r a 
r o s t o c h i e n s i s ( W o l l . ) S k a r b i l o v i c h a n d G. p a l l i d a S t o n e i n E u r o p e i s 
c o n s i d e r a b l e a n d i m p a i r s c o n t r o l b y m e a n s of r e s i s t a n c e . The c u r r e n t 
i n t e r n a t i o n a l p a t h o t y p e s c h e m e r e c o g n i z e s e i g h t p a t h o t y p e s , f i v e 
w i t h i n G^ r o s t o c h i e n s i s (R01-R05) and t h r e e w i t h i n G. p a l l i d a ( P a ^ - P a - O 
( 1 2 ) . 
G e n e t i c d i v e r s i t y of t h e European p o p u l a t i o n s i s a l s o m a n i f e s t e d i n 
v a r i a t i o n o t h e r t h a n v i r u l e n c e . S e v e r a l i n t r a s p e c i f i c p r o t e i n 
d i f f e r e n c e s h a v e b e e n r e p o r t e d b y v a r i o u s i n v e s t i g a t o r s 
( 3 , 4 , 8 , 9 , 1 6 , 1 7 , 2 0 , 2 2 ) . So f a r t h e m o s t p r o m i s i n g a p p r o a c h (3) d e a l t 
w i t h t w o d i m e n s i o n a l g e l e l e c t r o p h o r e s i s (2-DGE)(15) f o l l o w e d b y a 
s e n s i t i v e s i l v e r s t a i n ( 1 4 ) . A c o m p a r a t i v e s t u d y of 25 p o p u l a t i o n s 
showed t h a t t h e i n t e r n a t i o n a l p a t h o t y p e s c h e m e i s i n c a p a b l e o f 
r e f l e c t i n g g e n e t i c v a r i a b i l i t y of G^ p a l l i d a i n E u r o p e ( 3 ) . The 
m a j o r i t y of t h e p o p u l a t i o n s w e r e d i s c r i m i n a t e d f r o m e a c h o t h e r a t 
v a r i o u s l o c i . Moreover , g e n e t i c d i s t a n c e s w i t h i n p a t h o t y p e s were o f t e n 
l a r g e r t h a n b e t w e e n p a t h o t y p e s . 
I t h a s b e e n a r g u e d (3) t h a t , i n t h e a b s e n c e of t h e r e l e v a n t g e n e s 
f o r r e s i s t a n c e i n Europe, b o t h i n t e r p o p u l a t i o n v a r i a t i o n i n v i r u l e n c e 
and p r o t e i n s a r e p r e d o m i n a n t l y d e t e r m i n e d b y t h e same t h r e e 
p r o c e s s e s . F i r s t , s p a t i a l v a r i a t i o n s i n v i r u l e n c e and p r o t e i n s can i n 
p a r t b e e x p l a i n e d b y t h e g e n e t i c s t r u c t u r e s o f t h e p r i m a r y f o u n d e r s 
i n t r o d u c e d f rom S o u t h A m e r i c a , p r o b a b l y a f t e r 1850 ( 1 0 ) . E u r o p e h a s 
p r o b a b l y b e e n i n f e s t e d f r o m v a r i o u s n a t i v e l o c a l i t i e s , w h i c h h a s 
r e s u l t e d i n t h e i n t r o d u c t i o n of d i s t i n c t p r i m a r y f o u n d e r s i n s e v e r a l 
a r e a s . Random g e n e t i c d r i f t i s a n o t h e r i m p o r t a n t p r o c e s s a n d i s 
i n h e r e n t t o t h e n u m e r o u s s e c o n d a r y f o u n d i n g e v e n t s by w h i c h E u r o p e 
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h a s b e e n c o l o n i z e d . F l u c t u a t i o n s i n a l l e l e f r e q u e n c i e s b e t w e e n 
g e n e r a t i o n s may a l s o o c c u r when p o p u l a t i o n s a r e n e a r l y e r a d i c a t e d by 
c o n t r o l m e a s u r e s . The t h i r d p r o c e s s i s g e n e f l o w . I n h e r e n t t o t h e 
p a s s i v e way of s p r e a d , t h e e x t e n t of gene f low w i l l depend on f a c t o r s 
such a s s o i l t r a n s p o r t e d by wind , m a c h i n e r i e s and s e e d t u b e r s . 
2-DGE i s a s u i t a b l e t o o l t o m o n i t o r t h e e x t e n t of t h e s e t h r e e 
p r o c e s s e s . Because t h e s e s t o c h a s t i c p r o c e s s e s a f f e c t t h e whole gene 
p o o l of a p o p u l a t i o n , g e n e t i c r e l a t i o n s h i p s r e v e a l e d by 2-DGE a r e a l s o 
i n d i c a t i v e of i n t e r p o p u l a t i o n v a r i a t i o n i n v i r u l e n c e . T h i s r e p o r t 
p r e s e n t s a s t u d y of t h e g e n e t i c d i v e r s i t y of G. r o s t o c h i e n s i s i n a 
number o f E u r o p e a n c o u n t r i e s a n d e v i d e n c e t h a t 2-DGE o f f e r s 
p o s s i b i l i t i e s t o improve c o n t r o l by means of r e s i s t a n c e . 
MATERIALS AND METHODS 
Samples of p o p u l a t i o n s f r o m t h e U n i t e d Kingdom ( T a b l e 1) w e r e 
s u p p l i e d Dr. A.R. S t o n e , R o t h a m s t e d E x p e r i m e n t a l S t a t i o n , H a r p e n d e n , 
England. Two German p o p u l a t i o n s ( T a b l e 1) w e r e o b t a i n e d f r o m Dr. H.J . 
Rumpenhorst , Depar tmen t of Nematology, Muens te r , F e d e r a l R e p u b l i c of 
Germany. A l l o t h e r p o p u l a t i o n s a n d t h e i r r e p r o d u c t i o n v a l u e s on t h e 
d i f f e r e n t i a l s w e r e s u p p l i e d by I r . C. M i l l e r and I n g . J . B a k k e r , P l a n t 
P r o t e c t i o n S e r v i c e , Wageningen, t h e N e t h e r l a n d s . The o r i g i n a l s amples 
( >100 c y s t s ) o f t h e p o p u l a t i o n s , w h i c h h a d n o t o r n o t s i g n i f i c a n t l y 
been i n f l u e n c e d by t h e g rowth of r e s i s t a n t c u l t i v a r s , were c o l l e c t e d 
from h e a v i l y i n f e s t e d s p o t s i n t h e f i e l d . 
V i r u l e n c e c h a r a c t e r i s t i c s w e r e d e t e r m i n e d b y i n o c u l a t i n g p o t a t o 
p l a n t s g r o w n i n p o t s w i t h c y s t s ( 5 ) . Fo r p o p u l a t i o n s n o . 1, 2, 5, 17 
and 19 t h e a b i l i t y t o o v e r c o m e r e s i s t a n c e i n S^ t u b e r o s u m s s p . 
a n d i g e n a CPC 1673 and S^ v e r n e i h y b r . 6 2 . 3 3 . 3 was e s t i m a t e d by 
i n o c u l a t i n g s e c o n d s t a g e l a r v a e on r o o t s of s p r o u t s g rown i n P e t r i 
d i s h e s w i t h w a t e r a g a r ( 5 , 1 3 ) . The number of f e m a l e s p r o d u c e d on t h e 
d i f f e r e n t i a l s of t h e i n t e r n a t i o n a l p a t h o t y p e scheme (12) o r comparab l e 
r e s i s t a n t c u l t i v a r s were e x p r e s s e d a s a p e r c e n t a g e of t h o s e deve loped 
on a g e n e r a l l y s u s c e p t i b l e h o s t ( T a b l e 1) a n d u s e d a s a m e a s u r e f o r 
t h e number of i n d i v i d u a l s a b l e t o overcome r e s i s t a n c e (5) . 
T o t a l p r o t e i n e x t r a c t s of a d u l t f e m a l e s ( 1 ) , f o u r t h s t a g e f e m a l e 
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l a r v a e ( 2 ) , m a l e s (3) a n d s e c o n d s t a g e l a r v a e (2) w e r e p r e p a r e d a s 
d e s c r i b e d . As a s t a n d a r d , 35 pg t o t a l p r o t e i n w a s u s e d f o r 
e l e c t r o p h o r e s i s . The min imum n u m b e r of r e p l i c a t e s p e r o b j e c t was 
t h r e e . I s o e l e c t r i c f o c u s i n g u s i n g a m p h o l i n e s pH r a n g e 5 t o 7, sodium 
dodecy l s u l f a t e e l e c t r o p h o r e s i s i n 12% a c r y l a m i d e a n d s t a i n i n g (2) 
were c a r r i e d o u t by p r o c e s s i n g e i g h t s a m p l e s s i m u l t a n e o u s l y . Refe rence 
s e r i e s f o r e s t i m a t i n g r e l a t i v e p r o t e i n q u a n t i t i e s (3) were p r e p a r e d by 
p r o c e s s i n g 12 s a m p l e s a t a t i m e . P r o t e i n p a t t e r n s were judged v i s u a l l y 
by s u p e r i m p o s i n g t h e o r i g i n a l g e l s on a b e n c h v i e w e r . F o r m a k i n g 
compar i sons w i t h a p r e v i o u s r e p o r t (1) we r e f e r t o t h e m o l e c u l a r 
w e i g h t s and i s o e l e c t r i c p o i n t s of t h e v a r i a n t s . M o l e c u l a r w e i g h t and 
i s o e l e c t r i c p o i n t d e t e r m i n a t i o n s were a s d e s c r i b e d (1) . 
G e n e t i c d i s t a n c e s b a s e d on i s o e l e c t r i c p o i n t v a r i a n t s ( I P - v a r i a n t s ) 
( 1 , 3 ) w e r e c o m p u t e d a c c o r d i n g R o g e r s ( 1 8 ) . S i m i l a r i t y d e n d r o g r a m s 
were c o n s t r u c t e d f r o m d i s t a n c e d a t a f o l l o w i n g t h e UPGMA m e t h o d (19) 
and k i n d l y p r e p a r e d b y I r . T. H e y e r m a n , D e p a r t m e n t of E n t o m o l o g y , 
Wageningen, t h e N e t h e r l a n d s . 
RESULTS 
N i n e t e e n G. r o s t o c h i e n s i s p o p u l a t i o n s ( T a b l e 1) w e r e i n v e s t i g a t e d 
w i t h t w o - d i m e n s i o n a l g e l e l e c t r o p h o r e s i s (2-DGE) f o l l o w e d by a 
s e n s i t i v e s i l v e r s t a i n . Comparison of t h e p r o t e i n p r o f i l e s r e v e a l e d 27 
major p r o t e i n s p o t s e x h i b i t i n g i n t e r p o p u l a t i o n v a r i a t i o n ( F i g . 1, 
Tab le 1 ) . V a r i a n t p r o t e i n s d i s p l a y i n g m i n o r q u a n t i t i e s o r s h o w i n g 
poor r e p r o d u c i b i l i t y w i t h r e g a r d t o q u a n t i t y w e r e e x c l u d e d . The 
v a r i a n t s were d i v i d e d i n two c l a s s e s : i s o e l e c t r i c p o i n t v a r i a n t s ( I P -
v a r i a n t s ) and n o n i s o e l e c t r i c p o i n t v a r i a n t s ( N I P - v a r i a n t s ) (1 ,3 ) . 
C o r r e s p o n d i n g I P - v a r i a n t s h a d t h e t y p i c a l c h a r a c t e r i s t i c s o f 
c o r r e s p o n d i n g a l l e l e p r o d u c t s d i f f e r i n g i n o n e o r a few a m i n o a c i d s 
( 1 , 3 ) . They had a m o d e r a t e d i f f e r e n c e i n i s o e l e c t r i c p o i n t and s i m i l a r 
p r o p e r t i e s c o n s i d e r i n g m o l e c u l a r w e i g h t , c o l o r a n d q u a n t i t y ( F i g . 1 
and 2, T a b l e 1 ) . The 20 I P - v a r i a n t s w e r e a s s u m e d t o b e e n c o d e d b y 20 
a l l e l e s a t n i n e l o c i . The I P - v a r i a n t s a r e i n d i c a t e d w i t h c a p i t a l s 
r e f e r r i n g t o t h e p u t a t i v e l o c i a n d a r a b i c n u m b e r s r e f e r r i n g t o t h e 
p u t a t i v e a l l e l e s ( F i g . 1 a n d 2, T a b l e 1 ) . The f r e q u e n c i e s of t h e I P -
102 
variant encoding alleles were estimated by determining the ratio 
between the protein quantities of corresponding IP-variants (Fig. 2). 
The various ratios encountered in this study were measured by making 
a reference series from a total protein extract of population no. 1, 
which is monomorphic for all loci except locus B. The spot sizes and 
intensities displayed by Aj, Bj_, £2, D-^ , E-^ , F_2, £2, Hj and Ij after 
electrophoresing 35 pg total protein from population no. 1 were 
associated with a relative protein quantity of 1.00. The reference 
series was made by electrophoresing total protein quantities of 0.875 
pg; 1.75 pg; 3.5 pg; 5.25 pg; 7.00 pg and so on in steps of 3.5 pg 
until 45.5 pg. Thus the protein quantities of these IP-variants in the 
reference series correlate with relative values of 0.025; 0.05; 0.10; 
0.15 et cetera. The relative protein quantities of the IP-variants in 
the other populations and of Bj in population no. 1 were estimated 
visually by matching their spot size and intensities with those in the 
reference series. These relative values were used to calculate ratios 
between the protein quantities of corresponding IP-variants. For 
further details see elsewhere (3). 
With exception of locus B, the sums of the relative protein 
quantities of the corresponding IP-variants in a population should in 
theory equal 1.0. However, deviations from 1.0 are inherent to the 
experimental procedure (3). A significant part of the deviations were 
caused by the fact that a large number of samples were electrophoresed 
and stained independently. However, when samples of different 
populations were electrophoresed and stained simultaneously the 
differences between the highest and lowest values of the sums were 
usually less than 0.3. No consistent quantitative differences were 
observed between populations, indicating that the corresponding 
alleles produce similar protein quantities per haploid set of 
chromosomes within each individual. 
The similarity dendrogram shown in Fig. 3 was constructed from a 
distance matrix (Table 2). Genetic distances were computed according 
Rogers (18) by using the ratios between the protein quantities of the 
corresponding IP-variants as a measure for the allele frequencies. The 
genetic distances between population no. 10 and the other populations 
were based on eight loci, because no allele at locus C could be traced 
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in p o p u l a t i o n no. 10. 
The N I P - v a r i a n t s (Fig . 1, Table 1) a r e a group fo r which no p rope r 
genet ic i n t e r p r e t a t i o n i s a v a i l a b l e and may i n c l u d e , among o t h e r s , 
d i f ferences i n t h e r e g u l a t o r y g e n e s and m o d i f y i n g g e n e s ( 1 ) . 
Estimation of the p ro t e in q u a n t i t i e s of the NIP-var iants was done in a 
s imi la r way as fo r t h e I P - v a r i a n t s . The p r o t e i n q u a n t i t i e s (Fig. 2, 
Table 1) w e r e e s t i m a t e d r e l a t i v e t o p o p u l a t i o n s h a v i n g h i g h 
concentra t ions of a given NIP-variant . The r e l a t i v e p r o t e i n q u a n t i t i e s 
of t h e N I P - v a r i a n t s no. 4, 5, and 6 were o b t a i n e d by u s i n g a 
reference s e r i e s made from p o p u l a t i o n no. 1. Each of t h e s e NIP-
v a r i a n t s i n p o p u l a t i o n no. 1 was g iven a r e l a t i v e va lue of 1.0. The 
p ro t e in q u a n t i t i e s of the o ther NIP-variants were obtained by making 
a reference s e r i e s of populat ion no. 19, in which the NIP-variants no. 
1, 2, 3 and 7 were a s s o c i a t e d w i t h a r e l a t i v e va lue of 1.0. NIP-
va r i an t no. 4 was d e s i g n a t e d as an I P - v a r i a n t i n a p r e v i o u s r e p o r t 
(1) . Due t o a s l i g h t l y d i f f e r e n t e l e c t r o p h o r e t i c p r o c e d u r e t h e 
a l t e r n a t e a l l e l e p r o d u c t i s p r o b a b l y masked h e r e by a more abundant 
p r o t e i n . 
Inspect ion of Table 1 shows t h a t many genes r e p r e s e n t e d by t h e I P -
and N I P - v a r i a n t s a r e a l s o e x p r e s s e d in m a l e s , f o u r t h s t a g e female 
larvae and second s tage l a rvae . 
The I P - and N I P - v a r i a n t s l i s t e d i n Table 1 do not seem t o be 
assoc ia ted w i t h genes fo r v i r u l e n c e . None of t h e v a r i a n t s could 
unambiguously be c o r r e l a t e d w i t h t h e number of i n d i v i d u a l s a b l e t o 
develop on a g i v e n d i f f e r e n t i a l ( T a b l e 1 ) . For i n s t a n c e , t h e 
r e l a t i v e l y high number of females t h a t developed on £^ tuberosum ssp. 
andigena i n p o p u l a t i o n no. 11 (68.4%) and no. 19 (84.6%) (Table 1) 
could not be a s s o c i a t e d w i t h a common I P - o r N I P - v a r i a n t t h a t 
d iscr iminated them e i t h e r q u a n t i t a t i v e l y o r q u a l i t a t i v e l y from 
populat ions having no or an extreme low number of v i r u l e n t genotypes 
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Fig. 2 Close-ups of some IP-variants (A, B and C) and NIP-variants (D) 
in protein patterns made by electrophoresing a mixture of 100 
individuals. IP-variants are indicated with capitals and arabic 
numbers referring to the putative loci and alleles, respectively. 
Figures in parenthesis are the estimates of the ratios between the 
protein quantities of the corresponding allele products, which were 
used as a measure for the allele frequencies. A. Locus C: population 
no. 13 (left) and population no. 8 (right). B. Locus D: population no. 
2 (left) and population no. 12 (right). C Locus G: population no. 16 
(left) and population no. 7 (right). D. Figures in parenthesis are the 
estimates of the relative protein quantities (x 10 ) of the NIP-
variants no. 1, no. 2 and no. 3 in population no. 19 (left) and 
population no. 1 (right). Further details see text'. 
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Table 1 Protein quantities of 27 variant protein spots detected by the comparison of 2-DGE 
patterns of adult females from 19 populations of G^ rostochiensis 
Pop. Pathotype, collection location and code ' 
S• tuberosum 
ssp. andigena 
CPC 1673 d) 
S. vernei 
hybr. hybr. 































Wageningen, the Netherlands, MIER 
Bergh, the Netherlands, A-19 
Maastricht, the Netherlands, A-12 
Weert, the Netherlands, A-13 
Hardenberg, the Netherlands, C-133 
Feltwell, England, ST-1 
Ballycastle, Northern Ireland, ST-1 
Talybont, Wales, ST-1 
Johnson, England, ST-1 
e"i Vancouver, Canada, KO ' 
Obersteinbach, Federal Republic of Germany, RU-1 
Oosterhesselen, the Netherlands, C-180 
Hoogeveen, the Netherlands, C-157 
Gramsbergen, the Netherlands, C-152 
Gramsbergen, the Netherlands, C-146 
Hoogeveen, the Netherlands, C-129 
Emmen, the Netherlands, F-515 
Anlo, the Netherlands, G-1508 f) 





























































detection limit 1' 
Ro, , Wageningen, the Netherlands, MIER, adult males TT 
Ro-i, Wageningen, the Netherlands, MIER, fourth stage female larvae i) 
1. Ro-i , Wageningen, the Netherlands, MIER, second stage larvae i ) 
a) Ratios between the protein quantities produced by IP-variant a l le les at 9 presumptive loci . 
Loci and a l le les of the IP-variants are indicated with capitals and numbers, respectively. 
Ratios and standard deviations (in parenthesis) were obtained as described in the tex t . 
9 Relative protein quantities (x 10 ) of the NIP-variants and the standard deviations were 
estimated from the reference series (see t ex t ) . 
















































































































































































































































































d) females expressed as a percentage of those developed on a generally susceptible Number of 
cultivar. 
e
' No allele product of locus C_ could be detected in population no. 10. 
Current pathotype scheme fails to classify population no. 18. 





Reddish brown (r.b.), blackish brown (b.b.), red (r.) and grey (g). 
2 
Relative protein quantities (x 10 ) estimated from the reference series (see text). 
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the Netherlands, MIER 
the Netherlands, A-19 
the Netherlands, A-12 
the Netherlands, A-13 
the Netherlands, C-133 
England, ST-1 




Federal Republic of Germany, RU-1 
the Netherlands, C-180 
the Netherlands, C-157 
the Netherlands, C-152 
the Netherlands, C-146 
the Netherlands, C-129 
the Netherlands, F-515 
the Netherlands, G-1508f) 





MIER, adult males1' 
MIER, fourth stage female larvae1^ 




























































































































































' Ratios between the protein quantities produced by IP-variant alleles at 9 presumptive loci. 
Loci and alleles of the IP-variants are indicated with capitals and numbers, respectively. 
Ratios and standard deviations (in parenthesis) were obtained as described in the text. 
' Relative protein quantities (x 10 ) of the NIP-varlants and the standard deviations were 
estimated from the reference series (see text). 
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Molecular masses in kilodaltons 
Reddish brown (r.b.), blackish brown (b.b.), red (r.) and grey (g). 
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Primary founders, drift , and gene f low. Degrees of s i m i l a r i t y revealed 
with 2-DGE s t r o n g l y s u g g e s t t h a t t h e d i v e r s i t y of t h e i n i t i a l 
populat ions introduced i n to the United Kingdom d i r e c t l y or i n d i r e c t l y 
from t h e Andean r e g i o n h a s been r e l a t i v e l y low. In c o n t r a s t w i t h t h e 
German and Dutch p o p u l a t i o n s , p o p u l a t i o n s from England, Wales and 
Northern I r e l a n d were c l o s e l y l i n k e d i n a s i m i l a r i t y dendrogram 
constructed from t h e d i s t a n c e d a t a (Fig. 3). S i m i l a r r e s u l t s a r e 
obtained by a q u a l i t a t i v e inspec t ion of the IP- and NIP-variant data 
(Table 1). The maximum number of q u a l i t a t i v e p r o t e i n d i f f e r e n c e s 
observed among p o p u l a t i o n s from t h e Uni ted Kingdom was on ly two , 
whereas t h i s f igure was 16 and 17 for the Netherlands and the Federal 
Republic of Germany, r e s p e c t i v e l y . We o b t a i n e d no ev idence t h a t 
Canada has been in fes ted from the United Kingdom as suggested by Evans 
and Stone (7) . P o p u l a t i o n no. 10 from Vancouver i s d i s c r i m i n a t e d by 
severa l q u a l i t a t i v e d i f ferences from the B r i t i s h popula t ions . 
Evidently a f u l l u n d e r s t a n d i n g of t h e c a u s e s g e n e r a t i n g t h e 
in te rpopu la t ion v a r i a t i o n s i s beyond t h e scope of t h i s s t u d y . For 
example, t h e number of n a t i v e a n c e s t o r s a s s o c i a t e d w i t h t h e 19 
populat ions s t u d i e d h e r e canno t be e s t i m a t e d and i t i s a l s o n o t 
poss ib le to recover the share of d r i f t and gene flow. Nevertheless , i t 
i s evident t h a t random genet ic d r i f t has not been extensive. Despite 
the numerous b o t t l e n e c k s t h a t have accompanied t h e p r i m a r y and 
secondary founding e v e n t s , p o p u l a t i o n s i z e s have been s u f f i c i e n t l y 
large to maintain severa l polymorphic l oc i in most populat ions s tudied 
here (Table 1). Also gene flow h a s n o t been e x t e n s i v e . The o c c u r r e n c e 
of d i s t i n c t c l u s t e r s and the various q u a l i t a t i v e d i f ferences ind ica te 
t h a t t h e t r a n s p o r t of i n d i v i d u a l s be tween d i s t i n c t p o p u l a t i o n s i s 
r e s t r i c t e d , which i s no t s u r p r i s i n g i n view of t h e poor d i s p e r s a l 
a b i l i t i e s of the po ta to cyst nematodes. The contact between d i s t i n c t 
populat ions i s probably a l so impaired by the occurrence of la rge areas 
in fes ted with r a the r uniform popula t ions . Evidently for a more ref ined 
i n t e r p r e t a t i o n of t h e 2-DGE d a t a more r e s e a r c h i s r e q u i r e d . For 
ins tance , d e t a i l e d s t u d i e s of an a r e a and d a t a on f i e l d p o p u l a t i o n s 
for a number of g e n e r a t i o n s w i l l p r o v i d e more i n s i g h t i n t o t h e 
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occurrence of gene flow and d r i f t . Information on the extent of random 
genet ic d r i f t can a l so be obtained by studying poss ib le reduct ions in 
the number of polymorphic IP-var ian t l oc i by comparing European and 
na t ive p o p u l a t i o n s . 
Pathotypes and p r o t e i n v a r i a t i o n . The g e n e t i c d i v e r s i t y of G. 
ros toch iens i s in Europe has ex tens ive ly been s tudied by measuring the 
a b i l i t y t o o v e r c o m e r e s i s t a n c e i n t h e d i f f e r e n t i a l s of t h e 
i n t e r n a t i o n a l p a t h o t y p e scheme (12). However, c u r r e n t p a t h o t y p e 
c l a s s i f i c a t i o n i s r a t h e r a r b i t r a r y . P o p u l a t i o n s a r e d e s i g n a t e d a s 
v i r u l e n t or a v i r u l e n t for a d i f f e r e n t i a l i f the m u l t i p l i c a t i o n factor 
i s >1 or <1 (12), r e s p e c t i v e l y . A r e p r o d u c t i o n va lue of 1 i n d i c a t e s 
t h a t a p p r o x i m a t e l y 5 % of t h e i n d i v i d u a l s can d e v e l o p on a 
d i f f e r e n t i a l (5) . In t h e o r y , p o p u l a t i o n s c l a s s i f i e d as d i s t i n c t 
pathotypes may have o n l y a s l i g h t l y d i f f e r e n t number of v i r u l e n t 
genotypes, i . e . j u s t below and above 5%. On t h e o t h e r hand t h e number 
of v i r u l e n t genotypes be tween p o p u l a t i o n s c l a s s i f i e d as i d e n t i c a l 
pathotypes may vary i n t h e o r y from 5% t o 100%. In view of t h e s e 
cons idera t ions we prefer t o give not only the pathotype c l a s s i f i c a t i o n 
of a populat ion but a l so the numbers of ind iv idua l s able to develop 
on the d i f f e r e n t i a l s (Table 1), which a re used as an ind ica t ion of the 
number of v i r u l e n t genotypes in a populat ion. 
Despite the a r b i t r a r y way populat ions are c l a s s i f i e d as v i r u l e n t or 
a v i r u l e n t and the l imi t ed number of d i f f e r e n t i a l s used in the cur ren t 
pathotype scheme, the pathotype data s t rongly support the hypothesis 
t h a t measuring degrees of s i m i l a r i t y with 2-DGE i s a l so informative 
for in te rpopu la t ion v a r i a t i o n a t v i ru lence l oc i . The uniformity of the 
p ro t e in p a t t e r n s of t h e B r i t i s h p o p u l a t i o n s (Table 1, F ig . 3) a r e 
corroborated by surveys which showed t h a t Ro^ i s the so l e ly pathotype 
of G^  ro s toch iens i s in the United Kingdom, whereas severa l pathotypes 
a r e p r e s e n t i n t h e N e t h e r l a n d s (Ro^, Ro2 , R03, Ro4) and t h e F e d e r a l 
Republic of Germany (Ro^ Ro2 , R o 5 ) (12). I t i s s t r e s s e d t h a t t h e s e 
v a r i a t i o n s i n v i r u l e n c e a r e n o t t h e r e s u l t of d i f f e r e n t i a t i n g 
se l ec t i on , because t h e s e p a t h o t y p e s were a l r e a d y t r a c e d b e f o r e 
r e s i s t a n t c u l t i v a r s w e r e g r o w n i n t h o s e c o u n t r i e s . 
Another conspicuous r e s u l t i s t h a t the genet ic d i s t ances between the 
European popula t ions of the same pathotype were on the average smal ler 
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than between populations classified as distinct pathotypes (Fig. 3). 
The finding that all nine European populations pathotyped as Rop five 
from the Netherlands and four from the United Kingdom, are closely 
linked in the similarity dendrogram, indicates that the two countries 
have been infested by initial populations having a high degree of 
similarity and that these initial populations have contained no or a 
low number of alleles for virulence, which has impaired the 
diversification at virulence loci by random genetic drift resulting in 
an Ron pathotype classification of all descendants. It is noted that 
these populations are classified as Ro^, because they have no or an 
extremely low number of virulent genotypes for all differentials. 
These results also suggest that a large number of British and Dutch 
populations can be pathotyped with 2-DGE, of course on the condition 
that they have not or not significantly been influenced by the 
growth of resistant cultivars in Europe. Populations which are placed 
between the nine Ro-, populations (Fig. 3) in a similarity dendrogram 
based on 2-DGE data will probably have the virulence characteristics 
of pathotype Ro^. Such an approach is obviously less reliable for the 
identification of pathotype Rog. The agreement between the similarity 
dendrogram and the R03 pathotype classification of the five Dutch 
populations is probably not representative for all populations in the 
Netherlands. The R03 populations are classified as such because they 
are designated as virulent for S^ tuberosum ssp. andigena and S. 
kurtzianum. As shown in Table 1 the number of individuals in the R03 
populations able to develop on S^ tuberosum ssp. andigena ranges from 
5.3 to 30 %, indicating that these populations are not fixed for their 
virulence alleles, which offers ample opportunity for drift to 
operate. Therefore we expect that there are also Dutch populations, 
which have protein characteristics very similar to the five R03 
populations studied here, but which will have less than 5% virulent 
genotypes and which will be classified as avirulent for S^ tuberosum 
ssp. andigena. 
Evidently, for a more thorough investigation of the correlation 
between virulence and 2-DGE data it will be necessary to increase the 
number of differentials and to obtain more insight into the genetics 
of resistance and virulence in order to estimate allele frequencies at 
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vi ru lence l o c i . An i n t e r e s t i n g s u b j e c t f o r f u t u r e r e s e a r c h w i l l be 
the r e l a t i o n between the s i m i l a r i t y dendrogram presented here and a 
dendrogram p r o d u c e d by e s t i m a t i n g t h e g e n e t i c d i s t a n c e s a t a 
s u b s t a n t i a l number v i ru lence l o c i . 
Although t h e r e a r e s e v e r a l s u b j e c t s w h i c h a w a i t f u r t h e r 
i nves t i ga t i on , the data presented here show t h a t 2-DGE can be valuable 
adjunct ive t o o l fo r a b r e e d i n g program aimed a t o b t a i n i n g r e s i s t a n t 
c u l t i v a r s , which a r e e f f e c t i v e a g a i n s t a l l o r t h e l a r g e m a j o r i t y of 
the p o p u l a t i o n s i n an a r e a (3) . The c l u s t e r s r e v e a l e d by 2-DGE can be 
used as gu idance i n t e s t i n g t h e e f f e c t i v e n e s s of new s o u r c e s of 
r e s i s t a n c e . Members of a l l d i s t i n c t c l u s t e r s should be included in the 
i n i t i a l s r e e n i n g . Most i m p o r t a n t fo r a r e l i a b l e su rvey i s t h a t 
descendants of a l l d i s t i n c t founding p o p u l a t i o n s a r e i n c l u d e d . The 
d i v e r s i t y g e n e r a t e d by d r i f t and gene f l o w a r e of s e c o n d a r y 
importance, because t h e s e s t o c h a s t i c p r o c e s s e s on ly i n f l u e n c e t h e 
a l l e l e f r e q u e n c i e s of s i n g l e p o p u l a t i o n s and do n o t change t h e gene 
pool of a whole area . A major chal lenge w i l l be t o minimize the number 
of p o p u l a t i o n s i n t e s t i n g t h e e f f e c t i v e n e s s of new s o u r c e s of 
r e s i s t a n c e without loss of information. 
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CHAPTER VII 
Phylogenetic Value of Evolutionary Conservative Proteins Resolved 
by Two Dimensional Gel Electrophoresis 
ABSTRACT 
The increased number of gene products sampled and the relatively low 
variation observed in those proteins indicate the potential of two 
dimensional gel electrophoresis (2-DGE) over conventional enzyme 
electrophoresis in studying ancient genealogical relationships. In 
this report we explored evolutionary conservative proteins to estimate 
remote relationships between nematode species. A suitable method to 
infer phylogenetic relationships proved to be the analysis of only 
those variant proteins which gave rise to distinct putative homologies 
in all species, which obviated a tedious and guideless comparison of 
the approximately 200 proteins resolved from each species. 
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INTRODUCTION 
The s t r u c t u r e s of b i o l o g i c a l m a c r o m o l e c u l e s c o n t a i n s i g n i f i c a n t 
i n f o r m a t i o n w i t h r e g a r d t o g e n e a l o g i c a l r e l a t i o n s h i p s b e t w e e n e x t a n t 
s p e c i e s . A s t a n d a r d t e c h n i q u e t o s t u d y r e s e m b l a n c e s a n d 
d i s s i m i l a r i t i e s a t t h e m o l e c u l a r l e v e l i s e l e c t r o p h o r e s i s of c r u d e 
c e l l e x t r a c t s . E s p e c i a l l y s t a r c h g e l e l e c t r o p h o r e s i s (SGE) f o l l o w e d by 
s p e c i f i c enzyme s t a i n s h a s been a p p l i e d t o a wide v a r i e t y of o r g a n i s m s 
and t h e 15 t o 30 enzyme l o c i a s s a y e d h a v e p r o v e n t o b e i n f o r m a t i v e 
c h a r a c t e r s i n s t u d y i n g e v o l u t i o n a r y r e l a t i o n s h i p s . H o w e v e r , t h e 
a p p l i c a t i o n of SGE h a s i t s l i m i t a t i o n s i n e s t i m a t i n g p h y l o g e n i e s , 
b e c a u s e a l a r g e p r o p o r t i o n of t h e e n z y m e s s u r v e y e d e v o l v e s r a t h e r 
f a s t and c o n t a i n s no i n f o r m a t i o n f o r s p e c i e s wh ich h a v e d i v e r g e d more 
t h a n 4 - 6 m i l l i o n s o f y e a r s a g o ( 1 ) . On ly f e w e n z y m e s e v o l v e s l o w l y 
enough t o r e v e a l s h a r e d e v o l u t i o n a r y e v e n t s among m o r e d i s t a n t l y 
r e l a t e d s p e c i e s . 
Another r e l a t i v e s i m p l e t e c h n i q u e t o r e s o l v e g e n e t i c v a r i a t i o n i s 
t w o - d i m e n s i o n a l g e l e l e c t r o p h o r e s i s (2-DGE) a c c o r d i n g t o O ' F a r r e l l 
( 2 ) . A l t h o u g h no s u c h p h y l o g e n i e s a r e a v a i l a b l e , i t c a n b e c l a i m e d 
t h a t 2-DGE o u t p e r f o r m s SGE i n s t u d y i n g a n c i e n t g e n e a l o g i c a l 
r e l a t i o n s h i p s . T h i s p r o p e r t y i s i n h e r e n t t o t w o f e a t u r e s . F i r s t , t h e 
r a n g e i n e v o l u t i o n a r y r a t e s of p r o t e i n s i s r a t h e r w i d e ( 3 , 4 ) a n d 
sampl ing 100 o r m o r e p r o t e i n s i n c r e a s e s t h e c h a n c e o f t r a c i n g 
c o n s e r v a t i v e p r o t e i n s . Second, t h e v a r i a t i o n d e t e c t e d i n t h e abundan t 
p r o t e i n s r e v e a l e d by 2-DGE i s r e l a t i v e l y low when compared t o enzymes. 
2-DGE s t u d i e s on man ( 5 , 6 ) , r o d e n t s (7) and D r o s o p h i l a ( 8 , 9 ) s p p . 
have s h o w n t h a t e s t i m a t e s o f h e t e r o z y g o s i t y i n d i c e s w e r e 
s u b s t a n t i a l l y l ower t h a n t h o s e o b t a i n e d by SGE. As e x p e c t e d from t h e 
n e u t r a l t h e o r y of m o l e c u l a r e v o l u t i o n (4) , t h e s e d a t a a r e c o r r o b o r a t e d 
by t h e m a g n i t u d e of t h e o v e r a l l g e n e t i c d i s t a n c e s b e t w e e n s p e c i e s . Not 
o n l y t h e a b s o l u t e , b u t a l s o t h e r e l a t i v e n u m b e r o f p r o t e i n s s h a r i n g 
e l e c t r o p h o r e t i c m o b i l i t i e s b e t w e e n r o d e n t s p e c i e s was c o n s i d e r a b l y 
h i g h e r ( 1 0 ) . F o r e x a m p l e , t w o r o d e n t f a m i l i e s s h a r e d 50% of t h e 
a p p r o x i m a t e l y 180 p r o t e i n s p o t s a n a l y z e d w i t h 2-DGE a n d o n l y 6% of 
t h e i r a l l e l e s a t 30 enzyme l o c i (10) . These f i n d i n g s i n d i c a t e t h a t t h e 
p r o t e i n s a s s a y e d w i t h 2-DGE may be b i a s e d t o w a r d s a more c o n s e r v a t i v e 
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group of p r o t e i n s . Another e x p l a n a t i o n , no t m u t u a l l y e x c l u s i v e , i s 
t h a t the two techniques have d i f f e r i ng s e n s i t i v i t i e s in t r ac ing genie 
v a r i a t i o n . SGE i s t h o u g h t t o r e s o l v e a l s o o t h e r a l t e r a t i o n s t h a n 
amino acid s u b s t i t u t i o n s involving res idues of d i f f e r e n t charge, e.g. 
changes in the conformatiom (11,12). In any event the low v a r i a b i l i t y 
observed makes 2-DGE i n t h e o r y a power fu l t o o l t o s t udy a n c i e n t 
processes of spec ia t ion . Poss ible d i s p a r i t i e s in s e n s i t i v i t y a re not 
necessa r i ly d i s t u r b i n g , b e c a u s e t h e v a l i d i t y of a b i o c h e m i c a l 
technique as a p h y l o g e n e t i c a s s a y comes on ly from i t s c a p a c i t y t o 
t r a c e a s u f f i c i e n t number of sha r ed and d i s s i m i l a r e v o l u t i o n a r y 
events , i r r e s p e c t i v e whether t h e y have o r i g i n a t e d from n e t charge 
changing amino acid s u b s t i t u t i o n or a l t e r a t i o n s in the conformation. 
Another advantage i s t h a t 2-DGE combined with s e n s i t i v e s i l v e r s t a i n s 
(13) enables the examination of minute amounts of b i o l o g i c a l m a t e r i a l . 
Various organisms, such as many ob l iga t e p a r a s i t e s , a re d i f f i c u l t t o 
obta in i n s u f f i c i e n t q u a n t i t i e s for SGE, macromolecu la r s equenc ing , 
r e s t r i c t i o n enzyme d iges t s or immunological techniques . 
Despite these advantages and i t s widespread app l i ca t i on in various 
s c i e n t i f i c d i s c i p l i n e s , 2-DGE has r a r e l y been appl ied t o phylogenet ic 
problems (14,15). Evidently, as discussed elsewhere (10,14), analyzing 
and e v a l u a t i n g 100 or more p r o t e i n s on a s i n g l e p a t t e r n i s more 
d i f f i c u l t and l e s s s t ra igh t fo rward than i n t e r p r e t i n g SGE p a t t e r n s . 
In t h i s r e p o r t we e v a l u a t e t h e m e r i t s of 2-DGE by s t u d y i n g 
phylogenetic r e l a t i o n s h i p s between o b l i g a t e p l an t p a r a s i t i c nematode 
species and introduce an e f f ec t i ve method to study ancient processes 
of s p e c i a t i o n . 
MATERIALS AND METHODS 
Females of the plant parasitic nematode species were reared on the 
following hosts: Heterodera schachtii (Tinte) on Beta vulgaris; H. 
glycines (R-l-92) on Glycine max; H. goettingiana (Bor) on Pisum 
sativum; H. cruciferae (Klo) on Brassica oleracea; Hj_ mani (Ens) on 
Lolium perenne; H. fici (Aal) on Ficus elastica; H. humuli (Po) on 
Hamulus lupulus; Globodera rostochiensis (Mier) on Solanum tuberosum 
spp. tuberosum. The codes of the populations given in parenthesis 
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r e f e r t o t h e o r i g i n a l c o l l e c t i o n s of t h e P l a n t P r o t e c t i o n S e r v i c e , 
Wageningen, t h e N e t h e r l a n d s , e x c e p t f o r H^ g l y c i n e s , w h i c h was 
o b t a i n e d f rom V. H. D r o p k i n , U n i v e r s i t y of M i s s o u r i , C o l u m b i a , U.S.A. 
T o t a l p r o t e i n s a m p l e s w e r e p r e p a r e d b y h o m o g e n i z i n g o n e h u n d r e d 
f u l l g r o w n f e m a l e s i n 60 p i 10 mM T r i s - H C l , pH 7.4, 5% m e r c a p t o e t h a n o l 
and s a t u r a t e d w i t h u r e a (16) . As a s t a n d a r d , 25 ug of p r o t e i n was used 
f o r e l e c t r o p h o r e s i s . I s o e l e c t r i c f o c u s i n g w i t h i n t h e pH r a n g e 5 t o 7, 
sodium d o d e c y l s u l f a t e e l e c t r o p h o r e s i s a n d m o l e c u l a r w e i g h t 
d e t e r m i n a t i o n s were a s d e s c r i b e d (17). P r o t e i n s were v i s u a l i z e d w i t h a 
s i l v e r s t a i n i n g p r o c e d u r e , which g e n e r a t e d c o l o r s r a n g i n g from r e d , 
r e d d i s h b r o w n , b l a c k i s h b r o w n t o g r e y ( 1 7 ) . P r o t e i n p r o f i l e s w e r e 
compared v i s u a l l y b y s u p e r i m p o s i n g t h e o r i g i n a l g e l s on a b e n c h 
v i e w e r . To f a c i l i t a t e t h e a n a l y s i s , a s a m p l e o f e a c h H e t e r o d e r a 
s p e c i e s was a l s o e l e c t r o p h o r e s e d i n m i x t u r e w i t h a s a m p l e of G. 
r o s t o c h i e n s i s . 
G e n e t i c d i s t a n c e s w e r e c a l c u l a t e d a c c o r d i n g t o A q u a d r o a n d A v i s e 
( 1 0 ) : D= 1-F a n d F= (2Nxy) / (Nx + Ny) , w h e r e i n Nx a n d Ny a r e t h e t o t a l 
number o f p r o t e i n s p o t s a n a l y z e d f o r p o p u l a t i o n x a n d y , 
r e s p e c t i v e l y , and Nxy t h e number of s p o t s s h a r e d . 
The phy logeny of t h e 7 H e t e r o d e r a s p e c i e s was e s t i m a t e d from b i n a r y 
coded c h a r a c t e r m a t r i c e s (18) u s i n g t h e Wagner-78 a l g o r i t h m (19) w i t h 
t h e CHG, HOM, CON a n d APO o p t i o n s . The t r e e s w e r e r o o t e d w i t h G. 
r o s t o c h i e n s i s a s t h e o u t g r o u p , w h i c h s e e m s j u s t i f i e d o n g r o u n d s o f 
morphology a n d h o s t r a n g e s ( 2 0 , 2 1 ) . 
RESULTS 
Protein patterns are exemplified in Fig. 1 and were made by 
electrophoresing a mixture of 100 individuals. The number of protein 
spots detected on the original pattern after staining with silver 
ranged from 180 to 240. Preliminary comparisons showed that the 
genetic distances ranged from 0.90 to 0.99, except for H. cruciferea 
and H. goettingiana, and H. schachtii and H. glycines, which had a 
distance of approximate 0.70 and 0.60, respectively. These findings 
imply that the vast majority of the approximately 1400 protein 
spots revealed by electrophoresis of the 7 Heterodera spp. are 
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species s p e c i f i c and p r o v i d e no u s e f u l i n f o r m a t i o n abou t c l a d i s t i c 
r e l a t i o n s h i p s . 
The phylogeny of the Heterodera spp. was es t imated by the comparison 
of p u t a t i v e homologous p r o t e i n s (H p r o t e i n s ) of which t h e e v o l u t i o n 
proved t o be f a i r l y wel l tuned t o the required divergence dates (Fig. 
3 and 4) . The H p r o t e i n s were t r a c e d by e x p l o r i n g t h e a p p r o x i m a t e l y 
constant r a t e a t which a g iven p r o t e i n evo lves i n each l i n e a g e (4), 
which was t o a r e a s o n a b l e e x t e n t a l s o r e f l e c t e d i n t h e magni tude of 
the e l e c t r o p h o r e t i c d i v e r g e n c e . S c r u t i n y of two d i s t a n t l y r e l a t e d 
members of t h e s t udy group, H. mani and H. g l y c i n e s , and t h e ou tg roup 
G. r o s t o c h i e n s i s r e v e a l e d t h r e e c l a s s e s of p r o t e i n s : i ) 2 i n v a r i a n t 
p r o t e i n s , ( p r o t e i n Y and Z)(Fig . 1) i i ) 10 v a r i a n t p r o t e i n s w i t h 
d i s t i n c t p u t a t i v e homologies in a l l th ree species ( H p ro t e in s ) (Fig. 
1 and Fig. 2) and i i i ) numerous v a r i a n t p r o t e i n s of which the pu t a t i ve 
homologies could not be t raced in a l l th ree spec ies . 
The p u t a t i v e homologous forms of a g iven H p r o t e i n had marked 
s i m i l a r i t i e s i n a p p e a r a n c e a n d a m o d e r a t e d i f f e r e n c e i n 
e l e c t r o p h o r e t i c m o b i l i t y and were c l e a r l y d i s c r i m i n a t e d from 
neighbouring va r i an t p ro t e ins by one or more t y p i c a l c h a r a c t e r i s t i c s 
with r e g a r d t o q u a n t i t y , shape o r c o l o r (Fig . 1, F ig . 2, Table 1). 
Analysis of the p r o t e i n p a t t e r n s of a l l e igh t species showed t h a t the 
th ree c l a s se s were r ep re sen t a t i ve for a l l o ther comparisons, which can 
be explained by the approximately constant evolut ionary r a t e s . Prote in 
Y and Z had t h e same e l e c t r o p h o r e t i c m o b i l i t y i n a l l s p e c i e s 
inves t iga ted and a l s o t h e a l t e r n a t i v e homologous forms of t h e 10 H 
p ro t e in s cou ld e a s i l y be d e t e c t e d i n t h e o t h e r s p e c i e s of t h e s t udy 
group, because they were located in the same areas of the ge l (Table 
1). E v i d e n t l y , i n h e r e n t t o t h e f o r t u i t o u s n a t u r e of m o l e c u l a r 
evolut ion, such a p e r f e c t r e semblance be tween t h e i n i t i a l and t h e 
other comparisons i s not a general r u l e . 
A number of H p r o t e i n s ( p r o t e i n B, C, F, I) gave r i s e t o more t han 
one p r o t e i n s p o t (Fig . 1 and F ig . 2) . These v a r i a n t p r o t e i n s p o t s 
behaved as expected from modif icat ions of one and the same p ro t e in , 
i . e . t h e y had f i x e d p o s i t i o n s t o w a r d s each o t h e r i n a l l s p e c i e s 
s tudied. As shown i n F ig . 1, F ig . 2 and Table 1, t h e d e t e c t i o n of 
homologies between va r i an t p r o t e i n spots i s r a t h e r f a c i l e , because the 
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majority of the populations appeared to be monomorphic for all H 
proteins as expressed by similar spot sizes and intensities. Obviously 
it can not be excluded that some of these populations are actually 
polymorphic, because alleles present in low frequencies are not 
registered by electrophoresing a homogenate of 100 individuals (16). 
Only H^ humuli and H^ mani were clearly polymorphic for protein B and 
D respectively. A typical characteristic of these polymorphisms is 
that the protein quantity of each of the two homologous forms is less 
than the quantity of the homologous forms in the monomorphic 
populations ( e.g. protein D, Fig. 1). Unlike spot size and 
intensity, the shape and the color were not affected by the lower 
protein quantities, which facilitates the recognition of those 
proteins as polymorphic H proteins. 
The minimum-length Wagner tree shown in Fig. 3 was obtained by 
coding the homologous forms of the 10 H proteins as two-state 
characters, i.e., present or absent (Table 1). The Wagner tree was 
directly generated from the binary coded character matrix shown in 
Table 1. The tree had a consistency index of 0.83, which is relatively 
high when compared with the application of the same type of data 
manipulation to enzymes revealed by SGE (22). All alternative trees 
had a lower consistency index. 
Various proteins exhibited also variations in molecular weight 
(Table 1, Fig. 2). Treating the molecular masses of the H proteins as 
discrete characters which are undergoing change during evolution, 
expressed by their absence or presence (Table 2), reveals several 
synapomorphic character states, which are not resolved when each 
multiple molecular form is treated as a separate character. For 
example, Gg, Gy and Gg yield autapomorphic character states for H. 
humuli, H. fici, and H^ mani, respectively (Fig. 3), whereas their 
identical molecular mass of 57 kDa (G57) defines a synapomorphic state 
for those three species (Fig.4). The tree inferred from the molecular 
masses had a consistency index of 0.92 and supports the three major 
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Overal l g e n e t i c d i s t a n c e s e s t i m a t e d from 2-DGE p a t t e r n s have 
proven to be f a i r measures in studying evolut ionary r e l a t i o n s h i p s (10, 
14,15). N o n e t h e l e s s , t h e r e a r e s e v e r a l p o i n t s of concern w i t h r e g a r d 
t o p h y l o g e n e t i c i n f e r e n c e s based on analyzing a l l p r o t e i n s resolved. 
F i r s t , b ecause homolog ies be tween p r o t e i n s p o t s a r e o f t e n o b s c u r e , 
experimental v a r i a t i o n may r e m a i n u n n o t i c e d when t h e number of 
r e p l i c a t e s i s t o o l i m i t e d and may r e s u l t i n i n c o r r e c t p h y l o g e n e t i c 
i n t e r p r e t a t i o n s , e s p e c i a l l y when t h e o v e r a l l g e n e t i c d i s t a n c e s a r e 
wi th in a nar row r ange . Analyz ing 100 o r more p r o t e i n s i s a lways 
accompanied by v a r i o u s q u a l i t a t i v e d i f f e r e n c e s be tween independen t 
experiments, e .g . due t o s l i g h t d i f f e r e n c e s i n t h e e l e c t r o p h o r e t i c 
procedure, s a m p l e p r e p a r a t i o n and p h y s i o l o g i c a l s t a g e of t h e 
b i o l o g i c a l m a t e r i a l . Second, bes ides s t r u c t u r a l gene products , 2-DGE 
monitors a l s o t h e e f f e c t s of genes which i n f l u e n c e t h e s y n t h e s i s , 
degradation and modif icat ion of o ther gene products (23). I t cannot be 
excluded t h a t c e r t a i n m u t a t i o n s a r e g iven t o o much w e i g h t i n t h e 
d i s t ance da ta , because, e.g., a s ing le change in a regu la tory gene may 
a f fec t t h e p r e s e n c e o r absence of s e v e r a l p r o t e i n s p o t s . Th i rd , 
es t imat ing o v e r a l l gene t ic d i s t ances i s not only a t ed ious , but a l so a 
devious procedure in studying ancient processes of spec ia t ion , because 
the major i ty of the p r o t e i n s evolve too f a s t and y i e l d p ro t e in spots 
unique t o a s ing le spec ies . 
In t h i s r epo r t we introduced a method which minimizes the drawbacks 
assoc ia ted w i t h e s t i m a t i n g o v e r a l l g e n e t i c d i s t a n c e s by t r a c i n g 
pu t a t i ve h o m o l o g i e s . C o n s i d e r i n g p r e s e n t knowledge of p r o t e i n 
v a r i a t i o n , i t seems f e a s i b l e t o assume t h a t a c o n s i d e r a b l e p a r t of 
these v a r i a t i o n s , i n c l u d i n g d i s s i m i l a r i t i e s i n m o l e c u l a r w e i g h t , 
r e s u l t from amino acid s u b s t i t u t i o n s . Var ia t ions in molecular weight 
between c o r r e s p o n d i n g a l l e l e p r o d u c t s a r e no t e x c e p t i o n a l (24) . 
D i s s i m i l a r i t i e s in apparent molecular weight can have various causes 
and may, e .g . , be due t o d e l e t i o n s o r a d d i t i o n s of a s t r e t c h of amino 
ac ids . But s i n g l e amino a c i d s u b s t i t u t i o n s may be i nvo lved as w e l l . 
For ins tance , a charged and uncharged amino acid s u b s t i t u t i o n in a c t i n 
(25) and hypoxanthine phosphor ibosyl t ransferase (26,27), r e spec t ive ly , 
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has been shown t o r e s u l t i n an a p p a r e n t change i n m o l e c u l a r w e i g h t . 
Because such small a l t e r a t i o n s do not inf luence the molecular weight 
t o a de tec tab le ex ten t , these s ing le amino acid s u b s t i t u t i o n s probably 
cause a change in the amount of SDS bound t o the p r o t e i n . In any event 
they a r e i n f o r m a t i v e abou t c l a d i s t i c a f f i n i t i e s , e spec i a l l y between 
the more d i s t a n t l y r e l a t e d spec ies , because they occur l e s s f requent ly 
than mutations r e s u l t i n g in i s o e l e c t r i c po in t changes only (Table 1). 
At p r e s e n t v a r i o u s t y p e s of a l g o r i t h m s and d a t a m a n i p u l a t i o n a r e 
ava i l ab l e t o c o n s t r u c t p h y l o g e n i e s (28) ; t h e s e may be s u i t e d a s w e l l 
t o in fe r phylogenies from 2-DGE p a t t e r n s (14,15). Here we have chosen 
a c l a d i s t i c t ype of a n a l y s i s fo r t h e H p r o t e i n s , because i t i s a 
powerful method t o study branching sequences and i t r ead i ly shows i t s 
output on t h e b r a n c h e s . A n o t h e r d e s i r a b l e f e a t u r e i s t h a t t h e 
assumptions u n d e r l y i n g t h e p h y l o g e n e t i c i n f e r e n c e s a r e r a t h e r 
unambiguous. The type of c l a d i s t i c ana lys i s used here for the pu t a t i ve 
homologous forms of the 10 H p ro t e in s does not even requ i re t h a t they 
be homologous, s ince each va r i an t i s t r e a t e d as a separa te charac te r . 
Phylogenetic i n f e r e n c e s based on m o l e c u l a r w e i g h t s r e q u i r e t h e 
hypothesis t h a t the va r i an t s a re encoded by orthologous genes, and the 
molecular weight values represen t the condi t ion of an ancestor gene, 
i r r e s p e c t i v e whe the r t h i s i s t h e c o n d i t i o n of t h e s t r u c t u r a l gene 
i t s e l f or a modifying gene. The fac t t h a t in t h i s q u a l i t a t i v e approach 
d i f ferences i n a l l e l e f r e q u e n c i e s a r e n o t t a k e n i n accoun t p r o b a b l y 
does not r e s u l t i n s i g n i f i c a n t l o s s of i n f o r m a t i o n . S e v e r a l r e p o r t s 
(29, 30, 31) have shown t h a t q u a l i t a t i v e approaches a r e n o t i n f e r i o r 
t o a q u a n t i t a t i v e a n a l y s i s when a p p l i e d t o t h e same s e t of d a t a . 
Al le le frequencies may only be re levan t when studying c lose ly r e l a t e d 
organisms (32), b u t a r e p r o b a b l y i n most c a s e s i r r e l e v a n t when 
studying ancient processes of spec ia t ion , because i t i s un l ike ly t h a t 
s i m i l a r i t i e s in a l l e l e frequencies have been re ta ined s ince the t ime 
of d ivergence . 
An i m p o r t a n t c l u e i n t r a c i n g homolog ies be tween v a r i a n t p r o t e i n 
spots i s t h a t t h e p r o t e i n s p o t s h a v e one o r more t y p i c a l 
c h a r a c t e r i s t i c s d i sc r imina t ing them from neighbouring va r i an t p ro t e in 
spots . This becomes i n c r e a s i n g l y d i f f i c u l t when t h e d i v e r g e n c e i n 
e l e c t r o p h o r e t i c m o b i l i t i e s b e c o m e s l a r g e r . T h e r e f o r e i t i s n o t 
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d i f f i c u l t t o conce ive t h a t t h e H p r o t e i n s a r e b i a s e d t o w a r d s a 
conservat ive group of p r o t e i n s of which t h e e v o l u t i o n a r y r a t e s a r e 
f a i r l y wel l adjusted t o the remote divergence da te s of the Heterodera 
spp. Other homologous p r o t e i n s have d i v e r g e d i n e l e c t r o p h o r e t i c 
m o b i l i t i e s t o o r a p i d l y t o be r e c o g n i z e d as such i n a l l s p e c i e s , b u t , 
as can be i n f e r r e d from t h e l a r g e o v e r a l l g e n e t i c d i s t a n c e s , t h e 
majori ty of these va r i an t p r o t e i n spots y i e l d autapomorphic charac te r 
s t a t e s . I n v a r i a n t p r o t e i n s , on t h e o t h e r h a n d , a r e a l s o 
uninformative. E v i d e n t l y , t h e H p r o t e i n s do n o t i n c l u d e a l l p r o t e i n 
spots d e f i n i n g s y n a p o m o r p h i c c h a r a c t e r s t a t e s , b u t when t h e 
phylogenet ic i n f e r e n c e s based on t h e homologous forms and t h e i r 
v a r i a t i o n s in molecular weight a re s t a b l e , add i t i ona l information w i l l 
probably n o t s i g n i f i c a n t l y change t h e e s t i m a t e s of t h e g e n e a l o g i c a l 
r e l a t i o n s h i p s . 
An e f f ec t ive method to t r a c e homologous p r o t e i n s , which are re levan t 
in studying anc ien t , but a l so more recent processes of spec ia t ion , 
i s t o s t a r t with the comparison of the most d i s t a n t l y r e l a t e d spec ies , 
in t h i s r e p o r t two members of t h e s t udy group and t h e ou t g r oup . 
Inherent t o the approximately constant r a t e s a t which p ro t e in s evolve 
in each l i n e a g e , t h e r e i s a f a i r chance t h a t v a r i a n t p r o t e i n s g i v i n g 
r i s e t o marked homologies in these species can a l so be i d e n t i f i e d in 
a l l o t h e r s p e c i e s of t h e s t udy group. The o b s e r v a t i o n t h a t t h e 10 H 
p ro t e in s were s u f f i c i e n t l y v a r i a b l e t o d i s t i n g u i s h even t h e most 
c lo se ly r e l a t e d spec ies , i n d i c a t e s t h a t the homologous forms de tec ted 
in t h e i n i t i a l compar i sons d i f f e r e d i n q u i t e a few m u t a t i o n s t e p s . 
Here i t i s w o r t h w h i l e men t ion ing t h a t i f t h e r ange i n d i v e r g e n c e 
da tes wi th in the study group i s too l a rge , the H p ro t e in s w i l l be too 
conservat ive t o r e s o l v e t h e a f f i n i t i e s be tween t h e more c l o s e l y 
r e l a t e d spec ies . In those s i t u a t i o n s i t w i l l be necessary to choose a 
more c l o s e l y r e l a t e d ou tg roup i n o r d e r t o t r a c e f a s t e r e v o l v i n g 
p r o t e i n s . For example , i f one wants t o s t udy c l o s e l y r e l a t i v e s of H. 
s chach t i i one can use H. g l y c i n e s a s an ou tg roup for t h e i n i t i a l 
comparisons t o t r a c e f a s t e r e v o l v i n g H p r o t e i n s . I t i s noted t h a t t h e 
number of va r i an t p ro t e in spots with d i s t i n c t homologies increases 
when the gene t i c d i s t ances become smal le r . For ins tance , the number 
of H p r o t e i n s de tec ted by comparison of the c lose ly r e l a t e d species H. 
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schach t i i (F ig . 3) and H. g l y c i n e s was 35. This can, among o t h e r s , be 
explained by t h e lower number of v a r i a n t p r o t e i n s p o t s which 
diminishes confusion with neighbouring va r i an t p r o t e i n spots . In view 
of these f indings i t i s evident t h a t a proper choice of the outgroup 
i s important . The outgroup should be unequivocally d i s t i n c t from the 
clade being inves t iga t ed , yet c lose ly enough r e l a t e d t o maximize the 
number of H p r o t e i n s . 
A problem shared with SGE and various o ther biochemical techniques 
i s t h a t 2-DGE i s n o t s e n s i t i v e enough t o c o l l e c t s e p a r a t e d a t a from 
ind iv idua l s hav ing m i c r o s c o p i c s i z e s and, when no i n b r e d l i n e s a r e 
used, a p rope r i n t e r p r e t a t i o n of b i o c h e m i c a l d a t a of m i x t u r e s of 
ind iv idua l s may be impaired by extensive polymorphisms. However, i t 
has c l e a r l y been e s t a b l i s h e d t h a t t h e l a r g e m a j o r i t y of t h e l o c i 
assayed with 2-DGE appears monomorphic (7,8,9) which f a c i l i t a t e s the 
recogni t ion of homologies on p r o t e i n pa t t e rn s represen t ing a mixture 
of i n d i v i d u a l s . In t h i s s t u d y t h e o b s e r v e d low l e v e l s of 
in t rapopula t ion v a r i a t i o n of t h e H p r o t e i n s ( T a b l e 1) a r e a l s o 
inherent in the conservat ive na ture of the H p r o t e i n s . Furthermore, as 
shown here , polymorphic H p r o t e i n s w i l l often a l s o be conspicuous in 
a mixed homogenate of ind iv idua l s because of t y p i c a l p r o p e r t i e s with 
regard t o p r o t e i n q u a n t i t i e s , shape and c o l o r . The f o r m a t i o n of 
d i s t i n c t i v e colors a f t e r s t a in ing with s i l v e r i s co r r e l a t ed with the 
amino a c i d c o m p o s i t i o n (33) and for f u t u r e r e s e a r c h i t may be 
worthwhile t o switch t o s t a in ing methods which enhance the formation 
of d i f f e r e n t i a t i n g co lors (33, 34). N o t h w i t h s t a n d i n g a fo remen t ioned 
f indings , i t can not be excluded t h a t the homologous forms of a given 
H p ro t e in are obscure in one or a few spec ies , but t h i s has no ser ious 
consequences, b e c a u s e v a r i o u s t y p e s of d a t a m a n i p u l a t i o n and 
algori thms can cope with a few omissions. 
In sum, i t can be concluded t h a t 2-DGE i s a s u i t a b l e method t o t r a c e 
p ro t e in s of which t h e e v o l u t i o n i s tuned t o t h e r e q u i r e d d i v e r g e n c e 
dates and t h a t a n a l y s i s of t h e s e p u t a t i v e homologous p r o t e i n s has 
several t h e o r e t i c a l as wel l as p r a g m a t i c advan tages over e s t i m a t i n g 
ove ra l l gene t ic d i s tances in studying genealogical r e l a t i o n s h i p s . The 
methodology o u t l i n e d h e r e p r e s e r v e s t h e advan tages of 2-DGE and i s 
worthy of f u r t h e r i n v e s t i g a t i o n i n o r d e r t o e v a l u a t e i t s g e n e r a l 
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application, because it offers unique possibilities for studying 
genealogical relationships between organisms, which are difficult to 
access by other biochemical techniques. 
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SUMMARY 
The magnitude of the protein divergence strongly suggests that 
Globodera rostochiensis and G^_ pallida have experienced hardly any 
morphological evolution during a time period of millions of years 
(chapter II). These morphologically nearly indistinguishable potato 
cyst nematode species are discriminated from one another by 70 % of 
their proteins revealed by two dimensional gel electrophoresis (2-
DGE), which definitively excludes a recent divergence as has been 
suggested by a number of authors (3,5). The observation that even two 
families of rodents share more protein spots revealed by 2-DGE (1) 
than the two potato cyst nematode species implies that morphological 
evolution is not correlated with protein evolution. This fits the 
hypothesis that protein differences are accumulated at an approximate 
constant rate in all species (6) and that organismal evolution 
proceeds at a variable rate (7,10,11). 
A small fraction of the proteins from the potato cyst nematodes 
appeared to be heat stable. In view of the large genetic distances 
between Gj_ rostochiensis and G^ pallida it is not surprising that also 
a considerable part of these thermostable proteins isolated from the 
two species are species specific (chapter III). The relative abundance 
and simple partial purification of these species specific proteins are 
suitable properties for developing a serological assay to 
differentiate the two species. In the near future it should be 
possible to use such a diagnostic test as an advisory tool. A reliable 
diagnosis of field populations offers possibilities to optimalize the 
control by means of resistance. 
Because of the high resolution and the large number of gene products 
resolved by 2-DGE, the number of proteins exhibiting intraspecific 
variation was in most cases ten-fold higher than revealed with other 
biochemical techniques used to study the genetic variability of G. 
rostochiensis and G. pallida (5,9). Another desirable trait of 2-DGE 
is that differences in allele frequencies can be estimated in a 
convenient way. The variant protein spots detected by the comparison 
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of c o n s p e c i f i c p o p u l a t i o n s were d i v i d e d in two c l a s s e s : i s o e l e c t r i c 
poin t va r i an t s ( IP-var ian ts ) and n o n i s o l e l e c t r i c po in t va r i an t s (NIP-
var i an t s ) (chapter IV). The IP-va r i an t s have the appearance of p ro t e in 
d i f ferences caused by amino acid s u b s t i t u t i o n s t h a t change net charge. 
Corresponding IP-va r i an t s were assumed t o be encoded by a l l e l e s a t the 
same locus and the r e l a t i v e p ro t e in q u a n t i t i e s were used as a measure 
for the a l l e l e frequencies (chapter V and VI). The NIP-variants are a 
remaining g r o u p f o r wh ich no p r o p e r g e n e t i c i n t e r p r e t a t i o n i s 
ava i l ab l e and may i n c l u d e d i f f e r e n c e s i n r e g u l a t o r y g e n e s and 
modifying genes. The IP -va r i an t s are the most r e l i a b l e charac te r s for 
es t imat ing a f f i n i t i e s be tween p o t a t o c y s t nematode p o p u l a t i o n s , 
because homologous p ro t e ins are compared. Relat ionships based on NIP-
va r i an t s may a l s o be informat ive , but should be i n t e r p r e t e d wi th care , 
because the number of genes involved i s unknown and NIP-variants are 
more d i f f i c u l t t o d i s t i n g u i s h from a r t e f a c t s due t o , e . g . , 
experimental v a r i a t i o n s and d i f f e r e n c e s i n p h y s i o l o g i c a l o r 
developmental s t a g e s . 
In c u r r e n t b r e e d i n g programs t h e number of p o p u l a t i o n s t e s t e d in 
es t imat ing the e f fec t iveness of c e r t a i n genes for r e s i s t a n c e i s r a the r 
a r b i t r a r y and depends mainly on the screening capac i ty . In chapter V 
and VI we advanced a s t r a t e g y for a more r a t i o n a l in t roduc t ion of new 
genes for r e s i s t a n c e by using gene t ic r e l a t i o n s h i p s revealed with 2-
DGE as a guidance for a r e p r e s e n t a t i v e survey. I t i s hypothesized t h a t 
in t h e absence of s e l e c t i o n by t h e r e l e v a n t genes fo r r e s i s t a n c e in 
Europe, v a r i a t i o n s i n v i r u l e n c e and p r o t e i n s among E u r o p e a n 
populat ions a r e p r e d o m i n a n t l y d e t e r m i n e d by t h e same p r o c e s s e s : t h e 
gene t ic s t r u c t u r e s of t h e i n i t i a l p o p u l a t i o n s i n t r o d u c e d from South 
America and t h e o c c u r r e n c e of random g e n e t i c d r i f t and gene f low i n 
Europe. Because t h e s e p r o c e s s e s a f f e c t t h e whole gene poo l of a 
populat ion, gene t ic s i m i l a r i t i e s revealed by 2-DGE are a l s o r e f l e c t e d 
a t v i r u l e n c e l o c i , i n c l u d i n g t h o s e no t y e t r e s o l v e d by t h e c u r r e n t 
pathotype scheme. The f e a s i b i l i t y of t h i s approach i s demonstrated by 
the o b s e r v a t i o n t h a t p o p u l a t i o n s which a r e c l o s e l y l i n k e d a f t e r 
cons t ruc t ing a s i m i l a r i t y dendrogram o f t e n have t h e same p a t h o t y p e 
des ignat ion . I t i s a l s o a p p a r e n t t h a t t h e i n t e r n a t i o n a l p a t h o t y p e 
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scheme i s i n c a p a b l e of r e f l e c t i n g t h e g e n e t i c d i v e r s i t y i n t r o d u c e d 
i n t o E u r o p e . 
S e v e r a l a u t h o r s h a v e e m p h a s i z e d t h e n e c e s s i t y o f i n f e r r i n g 
p h y l o g e n i e s of e x t a n t n e m a t o d e s p e c i e s i n o r d e r t o a r r i v e a t a m o r e 
s t a b l e c l a s s i f i c a t i o n ( 2 , 4 , 8 ) . A m a j o r c o n s t r a i n t i n r e c o n s t r u c t i n g 
p h y l o g e n i e s o f c o n g e n e r i c n e m a t o d e s p e c i e s i s t h e l i m i t e d n u m b e r of 
m o r p h o l o g i c a l f e a t u r e s . The number of c h a r a c t e r s can i n t h e o r y g r e a t l y 
b e expanded by u s i n g b i o c h e m i c a l t e c h n i q u e s . In t h i s t h e s i s (Chapter 
VII ) we i n t r o d u c e d an e f f e c t i v e method t o i n f e r p h y l o g e n i e s from 2-DGE 
p r o t e i n p a t t e r n s . P r o t e i n s of wh ich t h e e v o l u t i o n a r y r a t e s a r e t u n e d 
t o t h e r e q u i r e d d i v e r g e n c e d a t e s were t r a c e d by t a k i n g a d v a n t a g e of 
t h e a p p r o x i m a t e c o n s t a n t r a t e s a t w h i c h p r o t e i n s e v o l v e i n e a c h 
l i n e a g e . T h i s s e l e c t i o n p r o c e d u r e r e s u l t e d i n 10 e v o l u t i o n a r y 
c o n s e r v a t i v e p r o t e i n s w h i c h y i e l d e d v a l u a b l e p h y l o g e n e t i c 
i n t e r p r e t a t i o n s f o r t h e 7 H e t e r o d e r a s p e c i e s s t u d i e d . S t a r c h g e l 
e l e c t r o p h o r e s i s , a s t a n d a r d t e c h n i q u e f o r many o r g a n i s m s , i s p r o b a b l y 
of l i t t l e v a l u e i n s t u d y i n g t h e s e a n c i e n t p r o c e s s e s of s p e c i a t i o n . 
Many of t h e enzymes sampled w i t h s t a r c h g e l e l e c t r o p h o r e s i s e v o l v e t o o 
f a s t a n d w i l l r e v e a l no s h a r e d e v o l u t i o n a r y e v e n t s b e t w e e n t h e m o r e 
d i s t a n t l y r e l a t e d H e t e r o d e r a s p e c i e s . Al though 2-DGE h a s r a r e l y been 
a p p l i e d t o p h y l o g e n e t i c p r o b l e m s , i t s g e n e r a l a p p l i c a t i o n s h o u l d b e 
e v a l u a t e d . The wide a p p l i c a t i o n r a n g e w i t h r e g a r d t o d i v e r g e n c e d a t e s 
and t h e m i n u t e amounts of b i o l o g i c a l m a t e r i a l r e q u i r e d a r e d e s i r a b l e 
f e a t u r e s i n s t u d y i n g o r g a n i s m s which a r e d i f f i c u l t t o i n v e s t i g a t e by 
o t h e r b i o c h e m i c a l t e c h n i q u e s . 
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SAMENVATTING 
In deze s a m e n v a t t i n g i s g e t r a c h t de inhoud van h e t p r o e f s c h r i f t en 
de a c h t e r g r o n d e n zo weer t e geven d a t de h o o f d l i j n e n van h e t onderzoek 
ook b e g r i j p e l i j k z i j n v o o r n i e t - i n g e w i j d e n . Voor e e n v a k t e c h n i s c h e 
weergave w o r d t ve rwezen n a a r de Enge l se s a m e n v a t t i n g . 
In N e d e r l a n d w o r d t j a a r l i j k s o n g e v e e r 1 5 0 . 0 0 0 h e c t a r e b e t e e l d m e t 
a a r d a p p e l e n . V o o r d e b e s t r i j d i n g v a n a a r d a p p e l c y s t e a a l t j e s , d e 
v e r o o r z a k e r s v a n a a r d a p p e l m o e h e i d , z i j n e e n a a n t a l w e t t e l i j k e 
m a a t r e g e l e n van k r a c h t . B i j e e n i n t e n s i e v e t e e I t d i e n t d e g r o n d 
chemisch o n t s m e t t e w o r d e n e n i s d e t e e l t v a n r e s i s t e n t e 
a a r d a p p e l r a s s e n v e r p l i c h t . I e d e r j a a r w o r d t o n g e v e e r 4 0 . 0 0 0 h e c t a r e 
b e h a n d e l d met d i c h l o o r p r o p e e n of m e t h y l i s o t h i o c y a n a a t . Het a a n d e e l van 
deze b o d e m f u m i g a n t i a b e d r a a g t , u i t g e d r u k t i n vo lume, ongevee r 60% van 
a l l e i n N e d e r l a n d t o e g e p a s t e b e s t r i j d i n g s m i d d e l e n . I n d e a f g e l o p e n 
j a r e n i s ook v e e l g e l n v e s t e e r d i n de r e s i s t e n t i e v e r e d e l i n g . Vanaf d e 
z e s t i g e r j a r e n z i j n e r r a s s e n m e t v e r s c h i l l e n d e v o r m e n v a n 
r e s i s t e n t i e op de mark t v e r s c h e n e n . Ondanks deze i n s p a n n i n g e n w e e t h e t 
a a r d a p p e l c y s t e a a l t j e z i c h t e h a n d h a v e n e n i n v e e l g e v a l l e n n e e m t d e 
b e s m e t t i n g s g r a a d z e l f s t o e . De t e e l t v a n r e s i s t e n t e r a s s e n l e v e r t 
h e l a a s n i e t a l t i j d h e t g e w e n s t e r e s u l t a a t . Op v e e l p e r c e l e n i n 
Neder l and komen p o p u l a t i e s van h e t a a r d a p p e l c y s t e a a l t j e voor w a a r t e g e n 
de i n de a a r d a p p e l r a s s e n a a n w e z i g e r e s i s t e n t i e o n v o l d o e n d e w e r k z a a m 
i s . Een van de p rob l emen voor een o p t i m a a l g e b r u i k van r e s i s t e n t i e i s 
d a t d e h u i d i g e m e t h o d e n o n t o e r e i k e n d z i j n om de v e r s c h i l l e n d e t y p e n 
van h e t a a r d a p p e l c y s t e a a l t j e i n een v roeg s t a d i u m t e h e r k e n n e n . Het 
onde rzoek w e e r g e g e v e n i n d i t p r o e f s c h r i f t h e e f t z i c h v o o r n a m e l i j k 
g e c o n c e n t r e e r d o p d e m o g e l i j k h e d e n om d e k a r a k t e r i s e r i n g v a n 
p o p u l a t i e s van h e t a a r d a p p e l c y s t e a a l t j e t e o p t i m a l i s e r e n . 
A a r d a p p e l c y s t e a a l t j e s z i j n a f k o m s t i g u i t Z u i d - A m e r i k a e n z i j n 
v e r m o e d e l i j k n a 1850 i n E u r o p a g e i n t r o d u c e e r d . Er z i j n t w e e nauw 
ve rwan te s o o r t e n v a n h e t a a r d a p p e l c y s t e a a l t j e b e k e n d , G l o b o d e r a 
r o s t o c h i e n s i s en G. p a l l i d a . Deze s o o r t e n z i j n met de l i c h t m i c r o s c o o p 
op b a s i s van m o r f o l o g i s c h e kenmerken n i e t of n a u w e l i j k s van e l k a a r t e 
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onderscheiden en werden t o t 197 3 beschouwd a l s een s o o r t . P o p u l a t i e s 
van b e i d e s o o r t e n z i j n onder t e v e r d e l e n i n een a a n t a l groepen 
(pathotypen) op grond van nun vermogen ( v i r u l e n t i e ) en onvermogen 
( av i ru l en t i e ) zich t e vermeerderen op een s e r i e aardappelplanten met 
ve rsch i l l ende vormen van r e s i s t e n t i e ( ' d i f f e r e n t i a l s ' ) . In he t huidige 
pathotypenschema, gebaseerd op v i j f ' d i f f e r e n t i a l s ' , worden in Europa 
acht p a t h o t y p e n o n d e r s c h e i d e n : v i j f b innen G^ r o s t o c h i e n s i s (Roi, 
R02/ R03, R04 en Roc) en d r i e binnen-G^ p a l l i d a (Pa-^, Pa2 en Pa-j). 
Deze pathotypen waren reeds aanwezig voordat de re levan te r e s i s t e n t e 
aardappelrassen in Europa werden verbouwd en z i j n dus n i e t he t gevolg 
van a a n p a s s i n g aan i n Europa g e t e e l d e r e s i s t e n t e r a s s e n . Deze 
v a r i a t i e s in v i r u l e n t i e r e f l e c t e r e n de genet ische samenste l l ing van de 
i n i t i S l e popu l a t i e s . Het vermoeden b e s t a a t dat deze i n t r o d u c t i e s een 
aan ta l malen o n a f h a n k e l i j k van e l k a a r hebben p l a a t s gevonden. In 
Engeland w o r d t van G^ r o s t o c h i e n s i s a l l e e n h e t p a t h o t y p e Ro, 
aangetroffen, t e r w i j l meerdere pathotypen voorkomen in Nederland (Rop 
R02, R03, Ro^) en West D u i t s l a n d ( Ro-^, R02/ R05). D e r g e l i j k e 
gegevens geven ech te r geen u i t s l u i t s e l over he t aan ta l versch i l l ende 
i n t r o d u c t i e s . Het pathotypenschema i s t e onnauwkeurig om de genet ische 
d i v e r s i t e i t van h e t aa rdappe lcys teaa l t j e in Europa t e weerspiegelen. 
Biochemische methoden b i e d e n p e r s p e c t i e f voor een nauwkeur ige 
k a r a k t e r i s e r i n g van a a r d a p p e l c y s t e a a l t j e s . Met b e h u l p van een 
gevoelige tweedimensionale e iwi t sche id ings techniek (e lekt roforese) i s 
he t mogelijk G^ ros toch iens i s en Gj_ p a l l i d a t e onderscheiden alsmede 
popu la t i e s binnen een soor t . In p r inc ipe i s he t mogelijk meer dan 700 
ve r sch i l l ende e i w i t t e n (po lypep t iden) van h e t a a r d a p p e l c y s t e a a l t j e 
z ich tbaar t e maken (hoofds tuk IV). Voor een e i w i t p a t r o o n i s ongeveer 
35 x 10 gram e i w i t nodig, wat overeenkomt met ongeveer 35 vrouwtjes 
van he t aa rdappe lcys teaa l t j e . E iwi tex t rac ten voor e lek t ro fo rese worden 
gemaakt door a a r d a p p e l c y s t e a a l t j e s f i j n t e malen. Een d e r g e l i j k 
e x t r a c t b e v a t een mengsel van v e r s c h i l l e n d e p o l y p e p t i d e s z o a l s 
enzymen u i t de c i t r o e n z u u r c y c l u s en e i w i t t e n u i t h e t s p i e r w e e f s e l . 
Onder invloed van een e l e k t r i s c h veld worden de polypeptiden in de 
e e r s t e d i m e n s i e gesche iden op l a d i n g ( i s o - e l e k t r i s c h pun t ) en i n de 
tweede dimensie op g roo t t e (molecuulgewicht). Een e iwi tv l ek j e be s t aa t 
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u i t een p o l y p e p t i d e en i s h e t p r o d u c t van sen gen. De p o s i t i e van een 
polypept ide wordt bepaald door de som van de molecuulgewichten en de 
ladingen van de 20 ve r sch i l l ende aminozuren waarui t h e t i s opgebouwd. 
Het t o t a l e aan ta l aminozuren in polypeptiden v a r i e e r t ongeveer van 60 
t o t 600. Indien een muta t ie op t reed t , waardoor een van de aminozuren 
vervangen wordt door een ander aminozuur , kan d i t een v e r a n d e r i n g i n 
lading t o t g e v o l g h e b b e n . N i e t a l l e v e r a n d e r i n g e n i n de 
aminozuurvolgorde geven een v e r s c h u i v i n g i n i s o - e l e k t r i s c h pun t t e 
zien, want s l e c h t s 5 van de 20 aminozuren hebben een l a d i n g . Deze 
mutat ies hebben n a u w e l i j k s i n v l o e d op h e t mo lecuu lgewich t van h e t 
e iwi t , omdat de mo lecuu lgewich ten van de 20 aminozuren o n d e r l i n g 
weinig v e r s c h i l l e n . 
Fundamenteel o n d e r z o e k n a a r de e v o l u t i e van e i w i t t e n h e e f t 
aangetoond d a t de f u n c t i e van e i w i t t e n m e e s t a l n i e t b e i n v l o e d wordt 
door verander ingen in de aminozuurvolgorde. Zo komen in he t d i e r e n r i j k 
vele vormen van hemoglobine voor d i e afs tammen van een v o o r o u d e r -
hemoglobine. Ondanks de gro te v e r s c h i l l e n in de aminozuurvolgorde d ie 
in loop van miljoenen jaren z i j n onts taan , hebben deze vormen dezelfde 
funct ie in a l l e d ieren . De sne lhe id waarmee de aminozuurvolgorde van 
een e i w i t v e r a n d e r t , i s c o n s t a n t pe r t i j d s e e n h e i d . Deze c o n s t a n t e 
snelheid i s n i e t voor a l l e e i w i t t e n g e l i j k , maar hangt nauw samen met 
de f u n c t i e van een e i w i t . In sommige e i w i t t e n t r e e d t b i j v o o r b e e l d 
eens per 20 miljoen j aa r een verandering op en in andere eens per ha l f 
miljoen j a a r . E i w i t t e n kunnen dan ook g e b r u i k t worden a l s een 
b io logische k l o k . Het v e r s c h i l i n e i w i t s a m e n s t e l l i n g t u s s e n twee 
soorten i s een maat voor de t i j d d ie vers t reken i s s inds deze soorten 
hun l a a t s t e gemeenschappelijke voorouder hebben gehad. Daarom i s he t 
v e r s c h i l tussen soorten a l t i j d g ro t e r dan tussen popu la t i e s binnen 
een s o o r t . 
Va r i a t i e s i n e i w i t t e n z i j n n i e t a l l e e n g e s c h i k t om s o o r t e n of 
popu la t i e s binnen een soor t t e onderscheiden, maar ook om de mate van 
verwantschap t e b e p a l e n . Voor h e t s c h a t t e n van v e r w a n t s c h a p geven 
a l l een d ie e i w i t t e n informat ie waarvan een bepaalde vorm wel in de ene 
groep voorkomt maar n i e t i n een ande re g roep . Een e i w i t d a t s n e l 
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verander t , i s daarom n i e t bruikbaar voor h e t bepalen van verwantschap 
tussen soorten, omdat a l l e vormen van dat e i w i t soor t spec i f i ek zul len 
z i jn . Snel veranderende e i w i t t e n z i j n meer geschikt voor h e t bepalen 
van de ve rwan t schap t u s s e n p o p u l a t i e s b innen een s o o r t en langzaam 
veranderende e i w i t t e n voor h e t b e s t u d e r e n van s o o r t e n . Het v o o r d e e l 
van tweedimensionale e lek t ro fo rese boven andere technieken i s gelegen 
in he t f e i t , da t enkele honderden e i w i t t e n met uiteenlopende funct ies 
op een r e l a t i e f simpele wijze bestudeerd kunnen worden. Hierdoor i s de 
kans g r o o t d a t met t w e e d i m e n s i o n a l e e l ek t ro fo rese e i w i t t e n gevonden 
worden met de gewenste evo lu t i esne lhe id . 
Analyse van de e iwi tpa t ronen gaf meer dan honderd e i w i t t e n t e zien 
d ie v e r s c h i l l e n t u s s e n G. p a l l i d a en G. r o s t o c h i e n s i s . Ongeveer 70 % 
van de e i w i t t e n z i j n s o o r t s p e c i f i e k (hoofdstuk I I ) . Dergeli jke g ro te 
v e r s c h i l l e n werden ook gevonden t u s s e n He te rode ra s c h a c h t i i en H. 
g lyc ines (60 %), t e r w i j l deze s o o r t e n op b a s i s van mor f o l og i s che 
kenmerken evenmin n i e t of n a u w e l i j k s t e o n d e r s c h e i d e n z i j n . Ui t 
l i t e ra tuurgegevens b l i j k t da t deze v e r s c h i l l e n in e iwi t samens te l l i ng 
ze l f s g r o t e r z i j n dan t u s s e n twee f a m i l i e s van k n a a g d i e r e n (50 %). 
Hie ru i t k a n men a f l e i d e n d a t Gj_ r o s t o c h i e n s i s en G^ p a l l i d a 
miljoenen j a r e n ge l eden hun l a a t s t e gemeenschappe l i j ke voorouder 
hebben gehad en d a t b e i d e s o o r t e n gedurende d i e t i j d mor fo log i s ch 
nauwelijks v e r a n d e r d z i j n . Een langzame e v o l u t i e van m o r f o l o g i s c h e 
kenmerken i s n i e t - u i t z o n d e r l i j k voor lagere d ie r soor ten . Kikkers z i j n 
ongeveer 300 m i l j o e n j a a r g e l e d e n o n t s t a a n , t e r w i j l de v a r i a t i e i n 
morfologische kenmerken b i j z o n d e r g e r i n g i s . Een s n e l l e e v o l u t i e van 
morfologische kenmerken wordt a a n g e t r o f f e n , b i j de zoogdieren. Binnen 
een t i j d s b e s t e k van ongeveer 100 miljoen j aa r hebben zich de g e i t , de 
koe, de wolf, de vleermuis en de walvis ontwikkeld. 
Uit l a r v e n van G. r o s t o c h i e n s i s en G^ p a l l i d a z i j n op eenvoudige 
wijze een a a n t a l s o o r t s p e c i f i e k e p o l y p e p t i d e n g e l s o l e e r d , d i e 
vermoedelijk s l e c h t s i n een p a a r aminozuren van e l k a a r v e r s c h i l l e n 
(hoofdstuk I I I ) . Deze e i w i t t e n z i j n bruikbaar voor he t ontwikkelen van 
een t o e t s om G. r o s t o c h i e n s i s en G^ p a l l i d a t e o n d e r s c h e i d e n met 
behulp van monoclonale ant i l ichamen. Met een de rge l i j ke serologische 
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t o e t s kunnen in kor t e t i j d duizenden grondmonsters worden g e t e s t op de 
aanwezigheid van G. r o s t o c h i e n s i s of G^ p a l l i d a . Een s n e l l e 
s o o r t s i d e n t i f i c a t i e van ve ldpopula t ies maakt he t in ptfincipe mogelijk 
om r e s i s t e n t i e werkzaam t e g e n een van b e i d e soof te i i . o p t i m a a l t e 
gebruiken. . J/.:' 
Door e i w i t p a t r o n e n van p o p u l a t i e s t e verge. l i jk 'en z i j n b innen G. 
ro s toch iens i s 27 e i w i t v l e k j e s gevonden d i e var i f i ren en b innen G. 
p a l l i d a 73. De k w a l i t a t i e v e v e r s c h i l l e n in eiwi*tesamenstelling tussen 
popu la t i e s binnen een soor t z i j n meestal kle iner 1 dan 7% (hoofdstuk IV, 
V en VI) . Opval lend i s d a t b i j n a a l l e bes tudee r t l e p o p u l a t i e s , 19 van 
G. r o s t o c h i e n s i s en 25 van G. p a l l i d a , van e l k a a r v e r s c h i l l e n . In 
hoofdstuk V en VI wordt aangegeven dat deze v a r i a t i e s tussen Europese 
popu la t i e s v e r m o e d e l i j k h e t gevolg z i j n van d r i e p r o c e s s e n : 1) de 
versch i l l ende i n i t i e l e popu la t i e s d ie geintroduceerd z i j n vanui t Zuid-
Amerika, 2) 'random g e n e t i c d r i f t ' en 3) 'gene f low ' . M u t a t i e en 
s e l e k t i e hebben vermoedelijk nauweli jks een r o l gespeeld (hoofdstuk V 
en VI ) . A l l e e i w i t v o r m e n w a r e n r e e d s a a n w e z i g i n de i n i t i S l e 
popu la t i e s en de v a r i a t i e s t u s s e n Europese p o p u l a t i e s kunnen dan ook 
grotendeels verklaard worden door de ve r sch i l l ende herkomsten van de 
i n i t i S l e popu la t i e s . Het tweede proces , 'random gene t ic d r i f t ' , hangt 
samen met de v e r s p r e i d i n g van de nakomel ingen van de i n i t i e l e 
popula t ies over Europa. In een p o p u l a t i e komen vaak meerdere vormen 
(a l l e l en ) van een e i w i t v o o r en a l s een k l e i n a a n t a l a a l t j e s , 
b i jvoorbeeld 20, een nieuw p e r c e e l besmet , i s de kans g r o o t d a t 
enkele e i w i t v o r m e n u i t de o u d e r p o p u l a t i e n i e t raeer voorkomen i n de 
nieuwe p o p u l a t i e . Het e f f e c t van ' r andom g e n e t i c d r i f t ' i s t e 
verwaarlozen indien meer dan 500 a a l t j e s een nieuw percee l besmetten. 
Evenmin t r e d e n v e r s c h u i v i n g e n op i n g e v a l maar een e i w i t v o r m i n een 
popula t ie aanwezig i s . Het de rde p r o c e s , 'gene f l o w ' , v i n d t p l a a t s 
wanneer individuen van de ene naar de andere popu la t i e ge t ranspor teerd 
worden, waardoor de nakomel ingen van v e r s c h i l l e n d e i n t r o d u c t i e s 
gemengd worden. 'Random g e n e t i c d r i f t ' en 'gene f low ' r e s u l t e r e n i n 
veranderingen t u s s e n de o p e e n v o l g e n d e g e n e r a t i e s en z i j n 
waarsch i jn l i jk de v e r k l a r i n g voor h e t f e i t d a t h e t merendee l van de 
onderzochte p o p u l a t i e s van e l k a a r v e r s c h i l l e n . S l e c h t s t w e e 
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popula t i e s b l i j k e n i d e n t i e k t e z i j n . Daarnaas t komen b innen G. 
ros toch iens i s en G^ p a l l i d a v e e l p o p u l a t i e s voor d i e s l e c h t s i n een 
k l e i n aan ta l e i w i t t e n van e lkaar v e r s c h i l l e n . Deze popula t ies vormen 
vaak d u i d e l i j k afgebakende g r o e p e n d i e g e k e n m e r k t worden door 
spec i f ieke eiwitvormen. 
Het a a n t a l p a t h o t y p e n d a t o n d e r s c h e i d e n wordt i s een af s p i e g e l i n g 
van h e t a a n t a l v e r s c h i l l e n d e vormen van r e s i s t e n t i e d a t wordt 
g e t o e t s t . In he t verleden werd maar eai vorra van r e s i s t e n t i e gebruikt 
en e r werden dan ook maar twee p a t h o t y p e n gevonden: p o p u l a t i e s d i e 
z ich wel en n i e t konden ve rmeerde ren op a a r d a p p e l p l a n t e n met 
r e s i s t e n t i e a f k o m s t i g van Solanum tuberosum s s p . and igena . Thans 
worden e r v i j f p a t h o t y p e n b innen G^ r o s t o c h i e n s i s o n d e r s c h e i d e n en 
d r i e b innen G^ p a l l i d a . Vanui t de r e s i s t e n t i e v e r e d e l i n g z i j n e r 
aanwijzingen d a t een a a n t a l van deze p a t h o t y p e n g e s p l i t s t z u l l e n 
worden in 'nieuwe' pathotypen indien nieuwe vormen van r e s i s t e n t i e in 
he t pa tho typenschema worden opgenomen. V a r i a t i e s i n e i w i t p a t r o n e n 
kunnen een be langr i jke b i jd rage leveren aan h e t voorspel len van deze 
verborgen v a r i a t i e s i n v i r u l e n t i e . Evenals v a r i a t i e s in e i w i t t e n , 
z i jn deze v a r i a t i e s i n v i r u l e n t i e h e t r e s u l t a a t van de g e n e t i s c h e 
samenstel l ing van de i n i t i e l e p o p u l a t i e s en de e f f e c t e n van 'random 
genet ic d r i f t ' en ' g e n e f l o w ' . A a n g e z i e n d e z e p r o c e s s e n a l l e 
eigenschappen van een popula t i e belnvloeden, kan verwantschap op bas i s 
van e iwi tpa t ronen gebruikt worden a l s een i n d i c a t i e voor de v a r i a t i e 
in v i r u l e n t i e tussen popu la t i e s . Populat ies d ie een gro te ongel i jkheid 
vertonen in e iw i t s amens t e l l i ng komen v e r m o e d e l i j k u i t v e r s c h i l l e n d e 
gebieden i n Z u i d - A m e r i k a en de k a n s i s dan ook g r o o t d a t z i j 
ve r sch i l l end z u l l e n r e a g e r e n op b e p a a l d e vormen van r e s i s t e n t i e . 
Populat ies met i d e n t i e k e of b i j n a i d e n t i e k e e i w i t p a t r o n e n z u l l e n 
he tze l fde r e a g e r e n op a l l e vormen van r e s i s t e n t i e , omdat z i j nauw 
verwant z i j n qua a f s t amming . Deze b e n a d e r i n g s w i j z e i s a l l e e n van 
toepass ing op d i e vormen van v i r u l e n t i e waarvan de c o r r e s p o n d e r e n d e 
vormen van r e s i s t e n t i e n i e t aanwezig z i j n i n f r e q u e n t g e t e e l d e 
aardappelrassen. De mees te e i w i t t e n d i e g e a n a l y s e e r d worden met 
e l ek t ro fo rese , houden geen verband met v i r u l e n t i e . Daarom z a l de 
e iwi t samens te l l ing van Europese p o p u l a t i e s d i e z i c h aanpassen aan 
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nieuwe vormen van r e s i s t e n t i e , nauweli jks veranderen (hoofdstuk V en 
VI) . 
Res is tente r a s s e n z i j n b i j z o n d e r e f f e c t i e f i n de b e s t r i j d i n g van 
aa rdappe lcys t eaa l t j e s , omdat a v i r u l e n t e p o p u l a t i e s z i c h s l e c h t s 
langzaam aanpassen aan nieuwe vormen van r e s i s t e n t i e . Een moei l i jkheid 
i s echter net opsporen van r e s i s t e n t i e d ie werkzaam i s tegen een groot 
deel en zo moge l i j k a l l e p o p u l a t i e s van a a r d a p p e l c y s t e a a l t j e s i n 
Europa. De l a a t s t e j a r e n z i j n v e l e honderden w i l d e a a r d a p p e l p l a n t e n 
verzameld in Zuid-Amerika en g e t o e t s t op de aanwezigheid van geschikte 
r e s i s t e n t i e . Een probleem voor de v e r e d e l i n g i s e c h t e r hoevee l en 
welke van de duizenden popu la t i e s van aa rdappe lcys teaa l t j e s u i t een 
gebied g e t o e t s t moeten worden om een r e p r e s e n t a t i e f bee Id t e 
verkr i jgen van de e f f e c t i v i t e i t van een bepaalde vorm van r e s i s t e n t i e . 
Bij een n i e t - r e p r e s e n t a t i e v e steekproef i s de kans groot dat 12 t o t 15 
j aa r v e r e d e l i n g s w e r k n i e t h e t gewens te r e s u l t a a t o p l e v e r t , d a t w i l 
zeggen t evee l akkerbouwers hebben popula t ies in de grond waartegen de 
nieuwe r e s i s t e n t e aardappelrassen n i e t werkzaam z i j n . Door een groot 
aan ta l p o p u l a t i e s u i t e e n g e b i e d t e k a r a k t e r i s e r en m e t 
tweedimensionale e l e k t r o f o r e s e en door g e b r u i k t e maken van 
geavanceerde rekenprogramma's i s h e t i n p r i n c i p e moge l i jk om een 
scha t t ing t e maken van he t aan ta l ve rsch i l l ende i n t r o d u c t i e s . Op b a s i s 
h iervan kunnen de p o p u l a t i e s u i t een gebied i n g e d e e l d worden i n 
groepen (hoofds tuk V en VI) . Deze i n d e l i n g kan dan a l s l e i d r a a d 
gebruikt worden om nieuwe vormen van r e s i s t e n t i e t e t e s t e n . Populat ies 
binnen een groep z u l l e n v e r g e l i j k b a a r r e a g e r e n op een b e p a a l d e vorm 
van r e s i s t e n t i e , omdat z i j qua afstamming nauw verwant z i jn . Door een 
k l e i n a a n t a l v e r t e g e n w o o r d i g e r s van e l k e groep t e t e s t e n i s h e t 
mogelijk om op een e f f i c i en t e manier geschikte vormen van r e s i s t e n t i e 
op t e sporen . 
Cys teaa l t j es z i j n een b e l a n g r i j k e g r o e p van g e s p e c i a l i s e e r d e 
p l an t epa ra s i e t en en komen onder ande re voor op b i e t e n , so jabonen , 
grassen, h a v e r , g e r s t , e r w t e n , hop en p e e n . Het v e r s c h i l i n 
e iwi t samens te l l ing t u s s e n deze He te rode ra s o o r t e n i s b i j z o n d e r g r o o t 
(hoofdstuk V I I ) . Meer dan 95 % van de e i w i t t e n van h e t e r w t e -
151 
cysteaaltje en het sojabonencysteaaltje zijn verschillend. De 
verwantschap tussen de soorten is bepaald aan de hand van 10 langzaam 
evoluerende eiwitten. Zo blijkt het koolcysteaaltje nauwer verwant te 
zijn aan het sojabonencysteaaltje dan aan het hopcysteaaltje. 
Dergelijke verwantschappen zijn moeilijk vast te stellen aan de hand 
van morfologische kenmerken en tweedimensionale elektroforese kan dan 
ook een belangrijke bijdrage leveren aan de systematiek van nematoden. 
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